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Abstract 
The growing demand for clean energy and the rapid consumption of conventional fossil fuels have 
provoked considerable research interest in exploring and developing highly efficient with low cost and 
environment-friendly alternative energy conversion and storage technologies. Many advanced devices 
and technologies such as water electrolysis, fuel cells and metal-air batteries serve as key components 
for storage and clean energy conversion. The core of these clean energy conversion devices and 
technologies are a series of electrochemical reactions, which include hydrogen evolution reaction 
(HER) at the cathode and oxygen evolution reaction (OER) at the anode of an electrolytic cell producing 
molecular hydrogen and oxygen, respectively; and oxygen reduction reaction (ORR) that occur on the 
cathode of the hydrogen-oxygen fuel cell. The commercialization of the above mentioned clean energy 
conversion devices and technologies depends on the synthesis and development of low-cost 
electrocatalysts that can efficiently catalyze these reactions on the surface of each electrode to achieve 
a very high current density at very low overpotential. To date, platinum-based nanomaterials remains 
the most active electrocatalyst for HER and ORR, whereas the oxides of ruthenium and iridium are 
highly efficient towards OER. However, the high cost and scarcity of these precious metals limits their 
widespread practical applications in clean and renewable energy technologies and devices. Therefore, 
searching for novel inexpensive transition metal-based electrocatalysts which show high 
electrocatalytic activity and stability toward these key reactions that can facilitate the realization of eco-
friendly sustainable energy infrastructure are highly desirable. In this regard, this thesis aims to 
synthesis of metal alloy nanoparticles encapsulated/supported in nitrogen‐rich graphitic tube/reduced-
graphene-oxide for catalyzing HER, ORR and OER reactions. 
In the first chapter, we briefly introduce the general background, basic mechanism and essential 
chemical reactions of electrochemical HER, OER and ORR reactions as well as general parameters for 
scientific assessment of the catalytic activity of electrocatalysts. In second chapter, we synthesize a new 
class of electrocatalyst [Fe3Co(PO4)4@reduced-graphene-oxide(rGO)] showing outstanding OER 
performance (much higher than state-of-the-art Ir/C catalyst), the design of which was aided by first-
principles calculations. This electrocatalyst displays low overpotential (237 mV at high current density 
100 mA·cm‒2 in 1M KOH), high turnover frequency (TOF: 0.54 s-1), high Faradaic efficiency (98%) 
and long-term durability. The remarkable performance is ascribed to the optimal free energy for OER 
at Fe sites and efficient mass/charge-transfer. When a Fe3Co(PO4)4@rGO anodic electrode is integrated 
with a Pt/C cathodic electrode, the electrolyzer requires only 1.45 V to achieve 10 mA·cm‒2 for whole-
water-splitting in 1M KOH (1.39 V in 6M KOH) which is much smaller than commercial Ir-C//Pt-C 
electrocatalysts. This cost-effective powerful oxygen production material with carbon supporting-
substrates offers a great promise for water splitting.     
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The third chapter describes our approach to hydrogen production in acidic water using a 
multicomponent catalyst with an ultralow Pt loading (1.4 μg per electrode area (cm2)) supported on 
melamine-derived graphitic tubes (GTs) that encapsulate a FeCo alloy and have Cu deposited on the 
inside tube walls. With a 1/80th Pt loading of a commercial 20% Pt/C catalyst, the catalyst achieves a 
current density of 10 mA cm−2 at an overpotential of 18/66 mV in 0.5M- H2SO4/ 0.1M-HClO4 solution, 
and shows a turnover frequency of 7.22 s−1 (96 times higher than that of the Pt/C catalyst) and long-
term durability (10,000 cycles). We propose that a synergistic effect between the Pt clusters and single 
Pt atoms embedded in the GTs enhances the catalytic activity. 
In fourth chapter, we introduce the precise tuning of the atomic ratio of Fe and Co encapsulated in 
melamine-derived nitrogen-rich graphitic tube (NGT) for ORR catalyzing reactions. The Co1.08Fe3.34 
hybrid with metal-nitrogen bonds (Co1.08Fe3.34@NGT) shows remarkable ORR catalytic activities (80 
mV higher in onset potential and 50 mV higher in half-wave potential than those of state-of the- art 
commercial Pt/C catalysts), high current density, and stability. In acidic solution, 1 also shows 
compatible performance to commercial Pt/C in terms of ORR activity, current density, stability, and 
methanol tolerance. The high ORR activity is ascribed to the co-existence of Fe-N, Co-N, and sufficient 
metallic FeCo alloys which favor faster electron movement and better adsorption of oxygen molecules 
on the catalyst surface. In the alkaline anion exchange membrane fuel cell setup, this cell delivers the 
power density of 117 mW cm−2, demonstrating its potential use for energy conversion and storage 
applications. 
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Chapter 1 
1. General Introduction   
1.1. Background     
The aggravated energy crisis due to the rapid depletion of conventional fossil fuels is a hot and 
interesting topic in modern society, which encourages the global intense research effort into the energy 
field.1-3 Especially the geopolitical anxieties and the increasing threats in climate changes and global 
warming stimulate the movement toward clean, stable, eco-friendly and renewable benign energy 
resources.1-4 The current demand for global energy is around 15 terawatts and the light irradiance from 
the sun can provide larger than 50 terawatts energy.4-5 Since other resources of renewable energy are 
limited and lower than our current societal needs, thus the sun is the most plentiful and ultimate energy 
resource. The existing photovoltaic technologies and devices can convert the sunlight energy into an 
electrical potential, however, sun shining is limited to a few hours in each day, and additionally due to 
shadowing it is not equally distributed across the entire earth’s surface.  Moreover, the light rays are 
spread over the whole surface of the earth and decreasing their power to a high extent. Thus, due to 
both diffuse and intermittent nature of sunlight energy, alternative devices and methods for storing and 
converting this light energy into potential energy are highly required. 
Many advanced devices and technologies for conversion of clean energy, for example, metal-air 
batteries, CO2 to fuel conversion, water electrolysis, and fuel cells are the subject of fundamental and 
utilitarian perspectives.6-9 These technologies and devices work as key components for utilization of 
sustainable energy have been extensively discussed by the government and academic organizations.6-9 
The heart of these clean energy conversion technologies and devices are a series of basic electrocatalytic 
processes, which include electrochemical oxygen evolution reaction (OER) and hydrogen evolution 
reaction (HER) that occur on the anode and cathode of water electrolyzer for generating molecular 
oxygen and hydrogen gases, respectively; and hydrogen oxidation reaction (HOR) and oxygen 
reduction reaction (ORR) at the anode and cathode of hydrogen-oxygen liquid fuel cell, respectively 
(note: oxygen and hydrogen gases from water electrolyzer can be recombined in fuel cell at point of 
usage for generation of electricity).10 Figure 1.1 presents the steady-state linear sweep voltammetry 
(LSV) curves and typical half-cell reactions for HOR, HER, OER and ORR. The equations in figure 
1.1 for the above-mentioned four reactions can be grouped into two couples of reversible reactions. One 
of the couple reactions are hydrogen involving HOR and HER reactions as exemplified by a red curve 
at equilibrium potential of 0 V versus RHE (reversible hydrogen electrode) and the other couple is OER 
and ORR reactions illustrated by a blue colour at equilibrium potential of 1.23 V versus RHE. Although 
both couple reactions are reversible, but the LSV shape of all the four half-cell reactions are not the 
same: OER and HER usually follow the Butler–Volmer model (the reaction rate is controlled by the 
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rate of electrochemical charge transfer process),10 while for ORR and HOR (due to the limitation in the 
rate of mass transfer process) the current approach to a constant value at large overpotentials.10 
 
Figure 1.1. linear sweep voltammetry curves and overall reaction equations for two couple of the key 
energy-related electrochemical HOR/HER and OER/ORR reactions. Blue and red curves refer to the 
oxygen-involving and hydrogen-involving reactions. The lines are without a scale. Reproduced with 
permission from ref.10 Copyright 2015 Royal Society of Chemistry. 
Recently these HOR/HER and OER/ORR reactions have gained extensive investigation in a clean 
and renewable energy field and also in the exploring of more and high complicated multi-electron 
transfer reactions. In electrocatalysis, the HOR/HER is considered as the simplest reactions due to its 
limited reaction path with the involvement of two electrons and one reaction intermediate and therefore 
its theoretical activity can be investigated only from hydrogen adsorption free energy (ΔGH*).11-13 In 
contrast, OER/ORR operates in more complex four proton-coupled electron transfer reaction and 
therefore its theoretical activity can be estimated from the free energy changes of each step of the 
reaction.14-17   
The feasibility and kinetics of these key electrochemical reactions influence significantly the output 
and performance of the aforementioned renewable clean energy conversion technologies and devices. 
The most debatable and critical problem in the energy field is how to catalyze effectively these 
cornerstones HOR/HER and OER/ORR reactions on the surface of each electrode to achieve a very 
high current density at very low overpotential. Generally, the kinetics of HOR and HER half-cell 
reactions is facile and can easily occur on several metal-based electrocatalysts at low overpotential,11-13 
while OER and ORR half-cell reactions are kinetically sluggish and require high overpotential.14-17 For 
example, the major cause of the low efficiency of water electrolyzer and the proton exchange membrane 
fuel cells are the poor electrocatalytic performance of the anodic OER electrode (in water electrolyzer)18 
and the cathodic ORR electrode (in hydrogen/oxygen fuel cells).7, 19 Therefore, for industrial application 
noble metals such as iridium (Ir), ruthenium (Ru), and platinum (Pt) based electrocatalysts are used for 
obtaining the favorable reaction kinetics of the OER and ORR reactions respectively.20-22 Besides the 
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high electrocatalytic activity  requirement, the main issues associated with the noble metal-based 
electrocatalysts are their high cost and scarcity, which put them out of reach from large-scale practical 
applications in clean and renewable energy technologies and devices.23-26 Therefore, the development 
and synthesis of novel low-cost transition metal-based catalysts that show higher electrocatalytic 
activity toward these key reactions with high durability and can facilitate the realization of eco-friendly 
sustainable energy infrastructure are highly desirable. At present, Significant breakthroughs have been 
made in the synthesis of non-noble metal-based catalysts for the electrocatalysis of HER, OER and 
ORR reactions, but unfortunately, the catalytic activity or stability of the most reported catalysts are far 
away than the activity of commercially available HER, OER and ORR catalysts.7, 11-26  In this esteem, 
further research for synthesis and development of extremely competent electrodes for water electrolyzer 
(HER and OER electrodes) and fuel cell (cathodic ORR electrode) that can be applicable at industrial 
scale is highly required. The objective of this thesis is concerned with the synthesis and development 
of different electrode materials and their potential applications for hydrogen-and-oxygen-related energy 
conversion reactions. In this chapter, we will first introduce about the basic mechanistic study and 
catalyst selections for water splitting (HER/OER) and fuel cell (ORR) and then in the next chapters, we 
will present our research work which will provide a thoughtful understanding for the electrode selection 
and potential avenues for hydrogen-and-oxygen-related energy conversion reactions.  
1.2. Water splitting    
Water splitting is a two half-cell reactions, in which hydrogen is produced at the cathode (known 
as hydrogen evolution reaction: HER) and oxygen is produced at the anode (known as oxygen evolution 
reaction: OER). Figure 1.2 illustrates the simplest water splitting electrolyzer in which a cathode and 
an anode are immersed in a conductive electrolyte separated by a membrane and connected by an 
external power circuit. In water electrolyzer, the water is first oxidized at an anode and generating the 
molecular oxygen and H+ ions (Anode Reaction: 2H2O → O2 + 4H+ + 4e-). The generated H+ ions move 
across the applied membrane to the cathode and electrons through the external circuit.  At the cathode, 
the H+ combine with the electrons from the external circuit forming the molecular hydrogen according 
to the reaction (Cathode Reaction: 4H+ + 4e- → 2H2). In water electrolyzer, both cathodic HER and 
anodic OER are fundamental and highly demanding reactions for which the change in Gibbs free energy 
(∆G) is 237.2 kJ mol-1 (equivalent to a cell voltage of 1.23 V= thermodynamic potential).26-27 However, 
in real water electrolyzer, the hydrogen and oxygen are generating at larger overpotential (due to some 
kinetic barriers at cathode and anode sides of water electrolyzer) than the thermodynamic potential. 
This large overpotential can be overcome only with the development of highly active cathodic and 
anodic electrode materials. The electrode material for water splitting would have the following 
important characteristic properties: (i) high efficiency; (2) high electrocatalytic activity and stability in 
wide pH ranges; (3)  low cost and plentiful resources; (4)  eco-friendliness; and (6) the abilities to 
integrate for both HER and OER in water electrolyzer.  
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Figure 1.2. Schematic of an electrolysis cell for whole water splitting. 
 
The highly efficient and stable cathodic and anodic materials for water electrolyzer can be achieved 
only by knowing the fundamental theoretical and experimental concepts of HER and OER reactions on 
the electrode surface.  It is documented that the electrocatalytic activity of HER catalyst is correlated 
with Gibbs free energy of the H+ adsorption (ΔGH*), while the activity of OER catalyst depends on the 
adsorption free energies of OH/O/OOH (ΔGOH*, ΔGO*, ΔGOOH*, * represents the active sites on the 
catalyst surface) reaction intermediates.28-30 Plotting the HER exchange current density versus ΔGH* 
(HER structural parameters) and the OER overpotential versus ΔGO* - ΔGOH* (adsorption free energies 
of OER reaction intermediates) for different transition metals give triangular-shaped volcano plots 
(figure 1.3a, b) 28-30, which disclose that there is an optimal binding energy at which the catalyst can 
show maximum catalytic activity for HER/OER reactions. This behavior of HER/OER volcano plots is 
related to the general explanatory paradigm in  heterogeneous catalysis and electrocatalysis of the 
Sabatier principle, which stated that the efficient electrocatalytic activity from the catalyst can be 
obtained when its catalyzing surface have optimal binding interaction or free energy for the reaction 
intermediates.1, 31 In other words, the active and efficient electrocatalyst will bind the reactant 
intermediate neither too weekly nor too strongly.1, 31  If the reaction intermediates bind very weakly to 
the active catalytic sites, the surface of the electrocatalyst will be unable to stimulate it for the fast and 
proper reaction, while if they bind very strongly, they will occupy and block most of the active catalytic 
sites and will hinder the effective reactions.1, 31 In each specific case of HER, this general paradigm can 
be guided from the computation of ΔGH* on the catalyst surface, which is the most common and 
reasonable descriptor for determining HER activities for a variety of metals, non-metals, and alloys. In 
1957, Parsons demonstrated that the catalyst surface having ΔGH* near to zero will be very active for 
HER catalysis.32 It can be seen from Figure 1.3 that the metals (Pt, Rh, Re, and Ir) which are located 
near the apex of HER volcano plot have the optimal binding energy for hydrogen atoms. In the case of 
OER volcano plot, the theoretical overpotential versus the (ΔGO* -ΔGOH*) shows good consistency with 
the electrocatalytic activity for water oxidation.30 The metal oxides located at the bottom of the volcano 
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plot such as ReO2, NbO2, VO2, CrO2, and SnO2 exhibit high overpotential for water oxidation due to 
their weak or strong binding interaction with OER intermediate species (O*, OH* and HOO*). The 
metal oxides at or near the apex of OER volcano plot such as IrO2, RuO2, NiOx, Co3O4 and PtO2 have 
optimal binding strengths for OER intermediate species and satisfy small overpotential for water 
oxidation reactions.30, 33 However, most of the efficient HER/OER materials which are located at or 
near the apex of HER/OER volcano plots are expensive noble metals/metal oxides, which limits their 
widespread industrial applications.33-34 Therefore, most of the research efforts for finding and designing 
efficient HER/OER electrocatalysts are diverting toward Ni, Co, and Fe based materials which are next 
to noble metals in the volcano plots. 
 
 
Figure 1.3. Volcano plots for (a) hydrogen evolution reaction Reproduced with permission from ref.29 
Copyright 1972 Elsevier, Inc. (b) oxygen evolution reaction. Reproduced with permission from ref.30 
Copyright 2011 John Wiley and Sons.  
The volcano plots are providing valuable guidelines for understanding and designing efficient 
electrocatalysts in view of controlling the adsorption energy on catalyst surface for HER/OER 
intermediates. However, in addition to material selection for fabricating efficient electrocatalysts, the 
rational design of catalysts in terms of structure and morphology can be used to improve the catalytic 
performance of HER and OER. The synthesized catalyst would have the following characteristic feature 
for better performance: (1) large surface area and high density of active sites, (2) high catalytic activity 
and a large number of active sites, (3) improved electrical contact to active sites, (4) increased open 
spaces and porosity among adjacent nanostructures of the catalyst for efficient charge transport and 
electrolyte permeation into the deep portion of catalyst surface, and (5) increased crystal and topological 
defects which increase the electron density and conductivity of the materials. 
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1.3. Basic mechanistic study of HER 
HER is a simple two electrons half-cell reaction taking place in two different individual steps 
(figure 1.4).35 In the first step of HER, the proton (H+) is discharging from the electrolyte and forming 
H* intermediate by receiving an electron from the electrode surface, which is call discharging or Volmer 
reaction.35 As HER is either proceeding in an acidic or basic electrolyte. In acidic electrolyte, the source 
of H+ is hydronium ion (H3O+), while in basic solution the source of H+ is a water molecule.11 In the 
second reaction step, the formation of molecular hydrogen gas in both acidic/basic solutions may occur 
via two different reaction mechanisms (Volmer–Tafel or Volmer–Heyrovsky mechanism), depending 
on the coverage of H* on the electrode surface.36 If the H* coverage on the electrode surface is low, then 
single H* will combine with H+ and finally will receive an electron from the electrode surface to form 
molecular hydrogen, known as atom + ion reaction or Volmer Heyrovsky mechanism.27, 37 In contrast, 
if the H* coverage on the electrode surface is large, then two adjacent H* will simply recombine for the 
formation of molecular hydrogen, known as combination reaction or Volmer Tafel mechanism.27, 36 
Moreover, the ΔGH* value of the catalyst surface is frequently accepted as a good descriptor for the rate-
determining of the HER reaction. If the ΔGH* value of the catalyst is more negative, the binding of H* 
to the electrode surface will be more favorable and the initial reaction (Volmer step) will be very easy; 
however, at a larger negative value, the second reaction (Tafel or Heyrovsky step) would be highly 
difficult. In contrast, if the catalyst surface has a more positive ΔGH* value, the whole HER reaction 
will be slow and ineffective due to weak binding interactions of H+ to the electrode surface. Therefore, 
HER active catalyst should have nearly zero ΔGH* value.  
The theoretical valve of Tafel slope for three different HER reaction kinetics has been calculated 
from the well-known Butler-Volmer equation,37 such as; (i) if the H+ discharging in Volmer step is fast 
and the molecular hydrogen are generating by combination rate-determining reaction process (Tafel 
mechanism), the slope value should be 2.3RT/2F (Tafel slop = 29 mVdec-1 at 25 °C); (ii) if the H+ 
discharging reaction is fast and molecular hydrogen are generating by atom + ion reaction process 
(Heyrovsky mechanism), the slope value should be 4.6RT/3F (Tafel slop = 38 mVdec-1 at 25 °C); if the 
H+ discharging reaction is slow and the molecular hydrogen are generating  by Tafel mechanism or 
Heyrovsky mechanism, the slope value should be 4.6RT/F (Tafel slop = 116 mVdec-1 at 25 °C). The 
detail possible HER reaction mechanism with the Tafel slope valve are summarized in figure 1.4.    
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Figure 1.4. HER mechanisms on the electrode surface of the catalyst. If the theoretical Tafel slope is 
~29 mVdec-1, the possible HER mechanism on the electrode surface of the catalyst will be Volmer-
Tafel. The HER mechanism will be Volmer-Heyrovsky, the Tafel slope is ~38 mVdec-1. In HER the * 
denotes the active sites of the catalyst; H* denotes the adsorbed hydrogen to the active site of the 
catalyst. Copyright 2019 John Wiley and Sons.  
1.4. Basic mechanistic study of OER  
 OER in water splitting is a sluggish oxidative half-cell reaction which generates a molecular 
oxygen through a four electron-proton couple reaction process.28, 38 The OER process proceeds in four 
main steps with involvements of OH*, O* and OOH* intermediates in both acidic and basic 
conditions.28, 38 However, the initiation and the pathways of the OER process depends on the pH of the 
electrolyte.28, 38 In acidic solution, the OER reactions start from the oxidation of water molecules, while 
in basics solutions, its start from the oxidation of the hydroxyl group.28, 38 The proposed OER reaction 
mechanism with free energies are summarized in equations 1.1 to 1.8. 
The OER reaction mechanism with free energies in acidic conditions (equations 1.1-1.4):  
 
                                                HଶO ൅	∗			⇌ 	 		OH∗ ൅ ሺHା ൅ eିሻ  
                                                    ∆Gଵ ൌ ∆G୓ୌ∗ െ eU ൅ KTlnሾHାሿ                  (1.1)  
                                              												OH∗ 		⇌ 		O∗ ൅ ሺHା ൅ eି)                          
                                        						∆Gଶ ൌ ∆G୓∗ െ ∆G୓ୌ∗ െ eU ൅ KTlnሾHାሿ           (1.2) 
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																																																											O∗ ൅ HଶO		 ⇌ 		 OOH∗ ൅ ሺHା ൅ eିሻ  																																																					∆Gଷ ൌ ∆G୓୓ୌ∗ െ ∆G୓∗ െ eU ൅ KTlnሾHାሿ        (1.3) 
																																																								OOH∗ 		⇌			∗ ൅	Oଶ ൅ ሺHା ൅ eିሻ                   
                                              ∆Gସ ൌ ∆G	୓మ െ ∆G୓୓ୌ∗ െ eU ൅ KTlnሾHାሿ        (1.4) 
The OER reaction mechanism basic conditions (equations 1.5-1.8):  
 
                                                        OHି ൅	∗			⇌ 		OH∗ ൅ eି                            (1.5) 
																																																												OH∗ ൅ OHି 		⇌ 		O∗ ൅ HଶO ൅ eି	               (1.6) 
																																																													O∗ ൅ OHି 		⇌ 		OOH∗ ൅ eି                        (1.7) 
																																																						OOH∗ ൅ OHି 		⇌	∗ ൅Oଶ ൅ HଶO ൅ eି              (1.8) 
Where, * denote the active catalytic sites of the catalyst and OH*, O* and OOH* indicates the 
reactions intermediates, which are similar in acidic/basic electrolytes. Therefore, the changes in free 
energies of each step in OER reactions in acidic/basic electrolytes are calculated through the same 
energies equations (equations 1.1-1.4). The theoretical overpotential of electrocatalyst for OER 
catalyzing is calculated from the maximum value differences of ΔG1 to ΔG4 according to the following 
equation (1.9).   
        																																													η୓୉ୖ ൌ maxሺ∆ܩଵ, ∆ܩଶ, ∆ܩଷ, ∆ܩସሻ/݁ െ 1.23 V     (1.9) 
According to Density functional theory (DFT) calculations, the OER overpotential is effected from 
the high energy barriers of ΔGOH*, ΔGO* and ΔGOOH* intermediates (figure 1.5).30, 39-40 For example, the 
paper of Rossmeisl group demonstrated that at standard conditions (T= 298.15 K, pH=0 potential U=0 
vs. standard hydrogen electrode) the free energy of each reaction step in ideal OER electrocatalyst is 
1.23 eV (i.e. ΔGOOH* − ΔGOH* =2.46/2=1.23 eV, red colour line in figure 1.5).40 However, in case of 
real ORE electrocatalyst (i.e. LaMnO3), the differences in energy changes during the conversion of OH* 
to OOH* is about 3.22 eV instead of 2.46 eV (green line in figure 1.5), representing that the OH* → 
O*→ OOH* reaction intermediates are the main hindrance in OER process.40 Thus, the overpotential 
for OER process can be decreased by designing an active electrocatalyst which can reduce ΔG 
correlated to the formation of OOH* in water oxidation reactions.    
 
 
 
    
9 
 
 
Figure 1.5. The diagrammatic representation of standard free energy changes during each step of OER 
reaction intermediates using a real and ideal electrocatalyst. The red and green lines represent the 
standard free energy changes for ideal electrocatalyst (2.46 eV) and green line for real electrocatalyst 
(LaMnO3: 3.22 eV). Reproduced with permission from ref.30 Copyright 2011 John Wiley and Sons.  
1.5. Fuel cell   
Fuel cells are more promising, secure, and environment-friendly devices than the existing fuel-
based combustion systems.41-42 As in fuel cells, there is no moving or combustion part, because, they 
are converting directly the chemical energy of fuels (Hydrogen, methanol, hydrocarbons) into electrical 
energy, thereby generating power with minimal pollutants and high efficiency (its theoretical efficiency 
can reach to ~ 80 %, while in fuel-based combustion system the theoretical efficiency is limited to 
~20%).43-45 In the past half-century, various types of the fuel cell such as alkaline fuel cell (AFC), molten 
carbonate fuel  cell (MCFC), solid oxide fuel cell (SOFC), proton exchange membrane fuel cell 
(PEMFC) and alkaline anion exchange membrane fuel cell (AAEMFC) has been developed.46-47Among 
these different fuel cells, the AFC was successfully used in the United States Apollo project (human 
spaceflight program), which is the first implemented fuel cell in practical applications.48 However, AFC 
is very sensitive to CO2 poisoning49 and therefore its further developments for more terrestrial 
application in the 1970s and 1980s were unsuccessful. In the last few decades, enormous research work 
focused on the development of PEMFC owing to its high power density generation and practical 
applications in Vehicles.  But the PEMFC depend on expensive Pt‐based electrocatalysts which put 
them out of reach from widespread practical applications.50-51 To overcome this difficulty, AAEMFC 
were proposed and investigated intensively in the last decade. By switching from PEMFC to AAEMFC, 
it is possible to replace the Pt for the cathode reaction in a fuel cell with a nonprecious electrocatalyst, 
because in AAEMFC the alkaline environment is more suitable for non-noble metal-based 
electrocatalysts with faster and facile electrochemical kinetics compared to the acidic solution in 
PEMFC.52-53 Both PEMFC and AAEMFC are typical hydrogen/oxygen (H2/O2) fuel system which has 
been considered in this research work.  
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Figure 1.6 shows the basic operating principle and working conditions of PEMFC and AAEMFC. 
In PEMFC the hydrogen fuel is fed continuously to anode and oxygen to the cathode (Figure 1.6a). At 
an anode, the hydrogen dissociates into protons (H+) with the release of electrons, which is called 
hydrogen oxidation reaction (HOR: equation 1.10). The H+ ions permeate via proton exchange 
membrane (PEM) and the electrons travel through the external circuit to the cathode, where, they 
combine with the oxygen molecules forming the water molecules and generates the output current of 
the fuel cell, which is called oxygen reduction reaction (ORR: equation 1.11).   
The structure of AAEMFC is almost similar to that of PEMFC except for a few differences, such 
as; solid membrane (in AAEMFC the membrane is an anion exchange membrane (AEM) between 
cathode and anode, while in PEMFC the membrane is PEM between cathode and anode) and charge 
carrier (in AAEMFC the OH- is transporting from the cathode to the anode through AAEM, while in 
PEMFC the H+ is transporting from the anode to cathode through PEM). In detail, the hydrogen fuel in 
AAEMFC is provided at the anode side and oxygen/water through the cathode side (Figure 1.6b). At 
cathode, the oxygen molecules are reduced to OH- ions and migrates through AEM to the anode 
(equation 1.13). At the anode, the OH- ions react with hydrogen and forming the water molecules with 
the release of electrons (equation 1.14). Finally, the resulted electrons travel toward cathode through 
the external circuit and generating the output current of the full electrochemical reaction.  
The basic electrochemical reactions of PEMFC and AAEMFC is summarized as:   
The electrochemical reactions of PEMFC (equations 1.10-1.12)19: 
Anode: 																					Hଶ → 2Hା ൅ 2eି																								ሺelectrode	potential: 0.00	Vሻ              (1.10) 
Cathode:                ଵଶ Oଶ ൅ 2Hା ൅ 2eି → HଶO  							ሺelectrode	potential: 1.23	Vሻ             (1.11) 
Overall :               		Hଶ ൅	ଵଶ Oଶ → 	HଶO	                   (Overall potential: 1:23 V)                  (1.12) 
The electrochemical reactions of AAEMFC (equations 1.13-1.15) 54:  
Anode: 																		Hଶ ൅ 2OHି → 2HଶO ൅ 2eି										ሺelectrode	potential: െ0.83	Vሻ         (1.13) 
Cathode:             ଵଶ Oଶ ൅ HଶO ൅ 2eି → 2OHି          	ሺelectrode	potential:			0.40	Vሻ         (1.14) 
Overall:            		Hଶ ൅	ଵଶ Oଶ → 	HଶO	                         (Overall potential: 1.23 V)                (1.15) 
 In H2/O2 fuel cell, the anodic HOR reaction is very fast and facile,10 but the cathodic ORR reactions 
are several orders slower than the HOR reaction.55 Currently, the platinum and their alloys are the best 
available electrocatalysts for anodic HOR and cathodic ORR reactions, providing faster kinetic rates in 
H2/O2 fuel cell.55 However, due to sluggish kinetics of ORR reactions, a large content of expensive Pt 
is required at the cathode side of H2/O2 fuel cell, and therefore, limited its large-scale commercial 
application.56-57 Besides the high cost, Pt suffers from several deficiencies, such as inadequate 
durability, dissolution during operation, poisoning, the decrease in active electrochemical surface areas 
and corrosion of the supported carbon.58-60 To overcome these challenges and to make the H2/O2 fuel 
cell for commercial-scale applications, extensive experimental work is required on the synthesis and 
exploring of stable and efficient ORR electrocatalysts.  
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Figure 1.6. The Schematic presentation and working principle of (a) proton exchange membrane fuel 
cell and (b) alkaline anion exchange membrane fuel cell. 
1.6. Basic mechanistic study of ORR  
The cathodic ORR reactions in a fuel cell can occur either through a direct four-electron-proton 
pathway or through two-step/two-electron pathways depend on the electrode surface.61-62 In four-
electron pathway (can be either associative or dissociative in nature, depending on the energy barrier of 
oxygen molecules on the catalyst surface), the oxygen molecules are directly reducing to water 
molecules which is highly preferred in fuel cell for getting larger efficiency,22 while in two-step/two-
electron pathways, the oxygen molecules are first reduced to peroxide intermediate and then 
subsequently reduced to water molecules or chemically decompose to oxygen and water molecules.63-
64 The two-step/two-electron ORR reactions are attractive for the industrial-scale hydrogen peroxide 
production,64 but not desirable in a fuel cell because the reduction of oxygen to water through peroxide 
intermediated leads to low conversion energy efficiency.65 The detail ORR reaction mechanism in both 
acidic and basic solutions are summarized in equations 1.16 to 1.37.  
The direct four-electron pathway in acidic solution (equation 1.16):66  
                                                     Oଶ ൅ 4Hା ൅ 4eି → 2HଶO                       1.16 
The stepwise reaction of equation 1.16: 
         Dissociative:  																																Oଶ ൅ 2∗ → 2O∗                                  1.17 
																																																												2O∗ ൅ 2Hା ൅ 2eି → 2OH∗                      1.18     
                                               2OH∗ ൅ 2Hା ൅ 2eି → 2HଶO ൅ 2∗                1.19 
 
           Associative																																				Oଶ ൅	*	→ Oଶ∗                                      1.20   
                                             										Oଶ	∗ ൅ Hା ൅ eି → OOH∗                          1.21 
                                                	OOH∗ ൅ Hା ൅ eି → O∗ ൅ HଶO                    1.22 
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                                                                      					O∗൅Hା ൅ eି → OH∗                              1.23 
                                                    OH∗൅Hା ൅ eି → HଶO ൅*                        1.24 
The direct four-electron pathway in basic solution (equation 1.25):67  
																																																													Oଶ ൅ 2HଶO ൅ 4eି → 4OHି                    1.25      
The stepwise reaction of equation 1.25:         
             Dissociative:																																	Oଶ ൅ 2∗ → 2O∗                               1.26 
																																																						2O∗ ൅ 2eି ൅ 2HଶO → 2OH∗ ൅ 2OHି          1.27 
																																																												2OH∗ ൅ 2eି → 2OHି ൅ 2*                     1.28 
 
             Associative																																								Oଶ ൅	*	→ Oଶ∗                                1.29  
																																																													Oଶ∗ ൅ HଶO ൅ eି → OOH∗ ൅ OHି            1.30 
																																																																				OOH∗ ൅ 	e → O∗ ൅ OHି                    1.31 
																																																													O∗ ൅ HଶO ൅ eି → OH∗ ൅ OHି               1.32 
                                                              OH∗ ൅ eି → OHି ൅	*                     1.33 
 
The two-electron pathway in acidic solution (equation 1.34-1.35):53  
                                                             Oଶ ൅ 2Hା	2eି → HଶOଶ                    1.34 
                                                         HଶOଶ ൅ 2Hା ൅ 2eି → 2HଶO               1.35 
 
The two-electron pathway in basic solution (equation 1.36-1.37):53 
																																																									Oଶ ൅ HଶO ൅ 2eି → OOHି ൅ OHି             1.36         
 
																																																													OOHି ൅ HଶO ൅ 2eି → 3OHି                  1.37 
 
According to DFT calculation, the ORR activity of electrocatalyst is strongly related to its binding 
energies for the above oxygen intermediates.33, 68-69 In order to get high ORR activity, the catalyst will 
bind the oxygen species tightly enough that can initiate the facile reduction reactions, but not too strong 
that the oxygen intermediates can completely block and poison the catalyst surface.33, 68-69 For example, 
the electrocatalyst that binds the oxygen intermediates very strongly, the electrocatalytic activity is 
limited by electron-proton transfer to O* or OH*.33, 68-69 In contrast, if the electrocatalyst binds the 
oxygen intermediates very weakly, the electrocatalytic activity is limited by electron-proton transfer to 
O2* in associative mechanism and O-O splitting in a dissociative mechanism.33, 68-69 Moreover, the ORR 
reaction pathways (direct four-electron-proton pathway, or two-step/two-electron pathway) also 
depends on oxygen dissociating energy barrier on the catalyst surface.10, 70 Many DFT calculation has 
disclosed that the carbon-based material has very high energy barrier for oxygen dissociation and 
therefore, is not considered as a favorable surface for the four-electron-proton pathway.10, 70 The 
reported experimental literature also shows that the ORR reactions on most of the carbon-and-silver-
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based materials are proceeding through two-step/two-electron pathways.10, 71 On the other hand, the 
metal-based electrocatalysts have low energy barrier for oxygen dissociation (e.g. oxygen dissociation 
on Pt (111) surface is smaller than 0.3 eV) and therefore is considered as a good surface for the 
dissociative four-electron-proton ORR reaction pathway,10 which is consistent with the experimental 
observations.  
Experimentally, two conventional methods such as the rotating ring-disk electrode measurement 
(RRD) and rotating ring-disk electrode measurement (RRDE) are usually used to calculate the electron 
transfer number (n) during the ORR reactions. 
The “n” from RRD measurement can be calculated according to the following Koutecky-Levich 
equation (1.38-1.40):  
                                                       ଵ୨ ൌ
ଵ
୨ౢ ൅
ଵ
୨ౡ ൌ
ଵ
୆னబ.ఱ ൅
ଵ
୨ౡ              1.38 
																																																													B ൌ 0.64nFAC଴D଴
ଶ ଷൗ nିଵ ଺ൗ          1.39  
                                                               j୩ ൌ nFkCୢ                        1.40 
 
where J is the measured current density, Jk and Jl are the kinetic and limiting current densities, ω is 
the rotation rate of electrode, F is the Faraday constant, A is the geometric area of the electrode, C0 is 
the O2 concentration, D0 is the O2 diffusion coefficient, V is the kinematic viscosity of the electrolyte, 
and k is rate constant.    
From RRDE method, both “n” and percentage of peroxide (p) can be calculated according to the 
1.41 and 1.42 equations: 
																																																																											n ൌ 4 ൈ ୍ౚ୍ౚା୍౨ ୒⁄                  1.41                                     
                                                     							p ൌ 200 ൈ Ir N⁄Id൅Ir N⁄                 1.42         
                                  
where Ir and Id are the ring and disk current, N is the current collection efficiency of the ring part 
of the electrode (Pt ring ~0.37). 
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Chapter 2 
Superb water splitting activity of the electrocatalyst Fe3Co(PO4)4 designed 
with computation-aid 
2.1. Abstract 
For efficient water splitting it is essential to develop inexpensive and super-efficient 
electrocatalysts for oxygen evolution reaction (OER). Herein, we report a phosphate-based 
electrocatalyst [Fe3Co(PO4)4@reduced-graphene-oxide(rGO)] showing outstanding OER performance 
(much higher than state-of-the-art Ir/C catalyst), the design of which was aided by first-principles 
calculations. This electrocatalyst displays low overpotential (237 mV at high current density 100 mA 
cm‒2 in 1M KOH), high turnover frequency (TOF: 0.54 s-1), high Faradaic efficiency (98%) and long-
term durability. The remarkable performance is ascribed to the optimal free energy for OER at Fe sites 
and efficient mass/charge-transfer. When a Fe3Co(PO4)4@rGO anodic electrode is integrated with a 
Pt/C cathodic electrode, the electrolyzer requires only 1.45 V to achieve 10 mA cm‒2 for whole-water-
splitting in 1M KOH (1.39 V in 6M KOH)  which is much smaller than commercial Ir-C//Pt-C 
electrocatalysts. This cost-effective powerful oxygen production material with carbon supporting-
substrates offers a great promise for water splitting.  
2.2. Introduction   
The OER is a fundamental reaction in electrochemical energy conversion process which is the basis 
of water splitting, batteries and photoelectrochemical cells.1-3 The water splitting is considered as a 
promising and renewable method for producing hydrogen and oxygen gases.4-7 However, the efficiency 
of water splitting in basic electrolyte is largely hindered by sluggish kinetics of the oxidative half-cell 
OER reaction, 2, 7 and so commercial water splitting usually works at high voltage of 1.8−2.0 V.8 
Recently, noble metal-based compounds such as IrO2 and RuO2 exhibit good catalytic activities toward 
OER.9-10 However, the widespread practical application of these noble metal-based compounds is 
restricted due to their skyrocketing price and scarcity.5, 9 Therefore, development of cost-effective 
catalysts with high electrocatalytic activity and stability for OER is in high demand, which would lead 
to a cost-effective production of oxygen via water splitting. In this regard, inexpensive earth abundant 
transition metals based OER electrocatalysts would be a good choice not only because of their high 
abundance and low cost but also due to their high electrocatalytic activity and stability in wide pH 
ranges.11-13 
Over the past decade, transition metal based OER electrocatalysts (for instance cobalt phosphate, 
surface oxidized steels, NiFe layered-double-hydroxide, oxy-hydroxides, oxide, perovskites, cobalt 
phosphate composites, and Co3O4 etc.) have been explored due to their high potential for water 
oxidation, high durability under basic condition and their benign environmental nature.5, 7-9, 12-14 
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Nevertheless, these materials exhibit large overpotential (η) for OER.5, 7-9 Therefore, effective 
designing of state-of-the-art electrocatalyst and clear understanding of OER catalytic mechanism 
remain challenging tasks.  
Herein, we report a phosphate-based electrocatalyst of Fe3Co(PO4)4/rGO (1) for OER, which is 
predicted to be highly active by density functional theory (DFT). The as synthesized 1 indeed serves as 
a highly active electrocatalyst for OER in basic media with overpotential of ~237 mV at 100 mA cm-2 
and long-term durability (5000 cycles). On the basis of theoretical modelling and experimental 
observations, the high OER activity of the designed electrocatalyst is ascribed to the PO4-induced 
positive shift of the redox potential. The efficient mass and charge transfer due to defects/dislocations 
in the PO4-induced mix-phase as well as large Brunauer-Emmett-Teller (BET) surface area also help in 
the OER activity. When it was integrated into asymmetric two-electrode water-splitting cells, the 
electrolyzer required a potential ~1.45 V in 1M KOH (or ~1.39 V in 6M KOH) to drive a current density 
of 10 mA cm-2 for whole water splitting, which is much smaller than that of the integrated commercial 
Ir-C//Pt-C electrocatalysts (~1.53 V in 1M KOH). 
2.3. Experimental Section 
2.3.1. Chemicals 
Cobalt(II) perchlorate hexahydrate, iron (III) chloride (reagent grade, 97%), red phosphorus 
(reagent grade, 99.99%) and 5 wt% of Nafion, perchloric acid were purchased from Sigma-Aldrich. 
Benchmark 20 wt% Ir/C (commercial) and 20 wt% Pt/C (commercial) catalysts were purchased from 
Johnson Matthey and Premetek Co. All the chemicals were of analytical grade and used as received 
without further purification.   
2.3.2. Synthetic procedure   
In synthesis, 200 mg of graphene oxide (GO) and 70 mg of red phosphorus with different weight 
ratios of iron chloride (FeCl3) to cobalt perchlorate hexahydrate Co(ClO4)2.6H2O were used as starting 
materials. During the synthesis process, 200 mg of GO was dispersed in 100 mL double distilled water 
by sonication. The precursors’ weight ratios were chosen as 0.70 g FeCl3, 0.35g Co(ClO4)2.6H2O and 
0.07g red phosphorus for 1 [1: Fe3Co (PO4)4@rGO], 0.6 g FeCl3, 0.45 g Co(ClO4)2.6H2O and 0.07g red 
phosphorus for 2 [2: Fe1-1.33Co(PO4)2@rGO or FeCo(PO4)2@rGO], and 0.65 g FeCl3, 0.4g 
Co(ClO4)2.6H2O and 0.07g red phosphorus for 3 [3: Fe1.5-2Co(PO4)4@rGO or Fe2Co(PO4)4@rGO]. The 
resulting solutions were sonicated for 10h to obtain fine homogeneous mixture. The mixture was then 
dried and thoroughly ground.  The ground powder was annealed at 750°C for 3 h with a temperature 
ramping rate of 3°C/min in nitrogen atmosphere. To remove the inactive species, the obtained product 
was leached with 0.1M HClO4 for 10 h, then filtered and washed with ethanol and water, and finally 
dried in vacuum at 60°C. The atomic and weight percent of metals and non-metals in catalysts 1-3 
obtained with inductively-coupled-plasma atomic-emission-spectroscopy (ICP-AES) and X-ray 
photoelectron spectroscopy (XPS) are shown in table 2.1 and 2.2. For the synthesis of 4 and 5                   
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(4: Fe2P2O7@rGO, 5: (CoFe2O4)(Fe2O3)@rGO), the same method was employed using 0.70 g FeCl3 
and 0.07 mg red phosphorus for 4, and 0.70 g FeCl3 and 0.35g Co(ClO4)2.6H2O for 5. To study the 
effect of GO and red phosphorous on the OER performance, we have synthesized catalysts with 
different amount of GO and red phosphorous such as: 6 [6: 0.7 g FeCl3, 0.35 g Co(ClO4)2.6H2O, 100 
mg GO and 0.07g red phosphorus], 7 [7: 0.7 g FeCl3, 0.35 g Co(ClO4)2.6H2O, 300 mg GO and 0.07g 
red phosphorus], 8 [8: 0.7 g FeCl3, 0.35 g Co(ClO4)2.6H2O, 200 mg GO and 0.035g red phosphorus] 
and 9 [9: 0.7 g FeCl3, 0.35 g Co(ClO4)2.6H2O, 200 mg GO and 0.140 g red phosphorus]. The C and P 
contents obtained from XPS analysis in catalysts 6-9 are shown in table 2.3.   
2.3.3. Characterization techniques    
The cold field emission SEM (FESEM) images were taken using Hitachi High-Technologies S-
4800 microscope. TEM and HRTEM images and HAADF-STEM images were taken on JEM-2100F 
with 200 kV acceleration voltage. XPS data were carried out on K-alpha (Thermo Fisher, UK) system. 
The surface area, pore size distribution, and pore volume with N2 adsorption/desorption isotherms from 
BET technique were measured on BELSORP-miniII (BEL Japan, Inc.) system. The atomic and weight 
percent of metals and non-metals in each synthesized catalyst were obtained with ICP-AES (700-ES, 
Varian) and XPS. EXAFS analysis was performed on ionization detectors at the Pohang Accelerator 
Laboratory (PAL). The X-ray absorption spectra for the Fe K-edge and Co K-edge were acquired at 
room temperature using beamlines 6D and 10C (PAL), where their X-ray energies from EXAFS 
analysis were calibrated with Fe-foil and Co-foil, respectively. Background subtraction, normalization 
and FT were done by standard procedure with ATHENA program.15 The extracted EXAFS signal, χ(r) 
and k3χ(k) were analyzed for all three metals. The Artemis program was used for EXAFS fitting. Soft 
XAS measurements were performed at the soft X-ray 10D XAS KIST beamline operating at 3.0 GeV 
with a maximum storage current of 360 mA. XAS spectra for Fe and Co L3,2-edge were collected in the 
total electron yield mode at room temperature in vacuum of ~1.5ൈ10-8 Torr. All the spectra were 
background subtracted and normalized with respect to the incident photon flux measured by inserting a 
gold (Au) mesh in the path of the X-ray beam. 
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Table 2.1. ICP-AES Chemical composition analysis: ICP-AES analysis gives the atomic percentage of 
bulk sample. The analysis of C and O is not possible through ICP-AES, while the content of P tends to 
be underestimated compared with metals. Thus, only contents of Co and Fe are investigated here. 
Among four different samples, two mid-value data are reported, and the Fe/Co compositions of catalysts 
1-3 are roughly determined. Copyright 2019, Springer Nature. 
Catalysts Co (g/kg) Fe (g/kg) Co:Fe [at. ratio] Composition 
1 81.0 66.5 
233 
197 
1: 3.0 
1: 3.1 
CoFe3 
CoFe3 
2 129 114 
130 
136 
1: 1.1 
1: 1.3 
CoFe 
~ Co3Fe4 
3 91.0 83.0 
128 
144 
1: 1.5 
1: 1.8 
Co2Fe3 
~ CoFe2 
 
Table 2.2. XPS Chemical composition analysis: XPS analysis provides the atomic percentage near 
sample surface. As compared with ICP-AES bulk sample analysis, the XPS surface analysis increases 
the Fe(PO4) content, while the atomic content of P (or PO4) is almost the sum of Co and Fe atomic 
contents, indicating the charges of Co and Fe are +3. The content of O is slightly larger than 4 times of 
the content of P due to environmental oxygen. An extra content of Fe(PO4), as noted from XPS over 
ICP-AES could be present on the surface more than in bulk. However, the XPS data are not so reliable 
for accurate composition analysis as compared with ICP-AES. The Fe/Co metals composition ratio 
from ICP-AES is more reliable. Copyright 2019, Springer Nature. 
Catalysts Co Fe P O C Co:Fe:P:O Composition 
1 1.07 4.02 4.86 21.31 68.73 1: 3.8: 4.5: 19.9 CoFe3(PO4)4+Fe(PO4) 
2 1.09 2.32 3.80 20.06 70.99 1: 2.1: 3.5: 18.4 CoFe(PO4)2+Fe(PO4) 
3 0.94 2.95 4.37 18.91 72.48 1: 3.1: 4.6: 20.1 CoFe2(PO4)3+Fe(PO4) 
Table 2.3. XPS Chemical composition analysis of catalysts 6-9: The atomic content of C and P obtained 
from XPS analysis in Catalysts 6-9. Copyright 2019, Springer Nature. 
Catalysts 6 7 8 9 
C 53.04 82.28 76.23 67.14 
P 4.59 2.96 2.56 6.09 
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2.3.4. Electrochemical characterization 
All electrochemical measurements were performed on VSP instrument (BioLogic Science 
instruments, Inc.) with three-electrode setup using graphite rod and Hg/HgO as a counter and reference 
electrodes, respectively. The working electrodes in our experiment were glassy carbon electrode (GCE; 
0.0706 cm2) and NF with a geometric area of 3 cm2. For working electrode preparation, 1 mg cm-2 
loading amount of the catalyst was achieved through a drop casting method.  To ensure the H2O/O2 
equilibrium during the electrochemical measurement for OER, the electrolyte (1M KOH) was saturated 
with a continuous flow of oxygen for 20 min. For stabilizing the working electrodes, the cyclic 
voltammograms (CVs) were first conducted at a sweep rate of 100 mV s-1 in the potential range of 1.1 
to 1.7 V versus reversible hydrogen electrode (RHE). The linear sweep voltammograms (LSVs) test 
were performed at a scan rate of 5 mV s‒1 with 100% iR-compensation, which was automatically 
derived from the electrochemical workstation. The cycling durability test was carried out at a scan rate 
of 100 mV s‒1 for 5000 CV cycles in the potential range of 1.2 to 1.6 V versus RHE. 
Chronoamperometry (CA) responses were performed on both GC (for 55 h) and NF (for 70 h) substrates 
at potentials on which the current densities reached to the range of 10 mA cm-2.  To evaluate the 
durability of 1 for high current density generation, the CA response were performed on NF substrate at 
a current density of ~210 mA cm-2 for 45 h. All the CA response were performed without iR-
compensation. Polarization curves obtained before and after the durability CV cycles were collected for 
comparison. The current density (mA cm-2) was normalized to the electrode geometrical area and the 
potentials recorded vs. Hg/HgO (1M NaOH) were converted to RHE according to the reference 
electrode calibration value (Figure 2.1). For double layer capacitance (Cdl) measurements, the potential 
in a non-Faradic region (1.059 to 1.174 V versus RHE) were cycled at a different applied scan rate of 
10, 20, 30, 40, and 50 mV s-1.  The current from CV curves was plotted versus applied scan rate at a 
potential of 1.125 V and the slope obtained from the straight line of current and scan rate were assigned 
to Cdl. The EIS was performed at an overpotential of 0.30 V versus RHE in a frequency range of 100 
kHz to 0.01Hz with a modulation amplitude of 10 mV in 1M KOH solution.  The full water splitting 
was measured in a two-electrode setup with 1 as an OER electrode and Pt/C as a HER catalyst in 1M 
KOH (the catalyst loading was 1.5 mg cm-2) and 6M KOH (the catalyst loading was 5 mg cm-2) 
solutions.   
The Tafel plots and slopes were calculated according to the equation (2.1): 
																																																																											η ൌ b	log	j	 ൅ 	C																									(2.1)   
where η, j, b, and C represent overpotential, current density, Tafel slope, and intercept, respectively. 
The overpotential was calculated according to the equation (2.2): 
																																																																								η ൌ Eሺvs. RHEሻ െ 1.23               (2.2) 
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TOF of catalyst: The number of oxygen turnovers was calculated from the current density using the 
equation (2.3): 16 
TOF ൌ 	Total	number	of	Oଶ	turnovers/geometric	area	ሺcm
ଶሻ
Number	of	active	sites/geometric	area	ሺcmଶሻ 															ሺ2.3ሻ 
Number	of	Oଶ	turnovers ൌ ቀj ୫୅ୡ୫మቁ ቆ
ଵి౩
ଵ଴଴଴	୫୅ቇ ቀ
ଵ	୫୭୪	ୣష
ଽ଺ସ଼ହ	େቁ ቀ
ଵ	୫୭୪	୓మ
ସ	୫୭୪	ୣషቁ ቀ
଺.଴ଶଶൈଵ଴మయ	୫୭୪	୓మ
ଵ	୫୭୪	୓మ ቁ 
ൌ 1.56 ൈ 10ଵହ ൬Oଶ/scmଶ ൰ 	per	 ൬
mA
cmଶ൰ 
The number of Fe and Co ions in 1 was obtained from the ICP analysis ~28.9 wt.%. Consequently, 
the density of active sites based on bulk Fe and Co is: 
 
																									ቀଶ଼.ଽ	୫୥ଵ଴଴	୫୥ቁ x ቀ
ଵ	୫୥
ୡ୫మ ቁ x ቀ
ଵ	୫୫୭୪ୣ
଺଴଺.ଷହ୫୥ቁ x	6.022	x	10ଶ଴ ቀ
ୱ୧୲ୣୱ
୫୫୭୪ୣቁ ൌ 2.87	x	10ଵ଻	sites/cmଶ 
 
The TOF of the catalyst at an overpotential of 237 mV (current density 100 mA cm-2) was calculated 
as: 
1.56	x	10ଵହ ൬Oଶ/scmଶ ൰ 	per ቀ
mA
cmଶቁ x	100 ቀ
mA
cmଶቁ
2.87	x	10ଵ଻	sites/cmଶ ൌ 	0.54/site	s
ିଵ 
 
Faradaic efficiency: Faradaic efficiency was calculated using the equation (2.4):  
              Faradaic	efficiency ൌ ୣ୶୮ୣ୰୧୫ୣ୬୲ୟ୪	ஜ୫୭୪	୭୤	୓మ	୥ୟୱ୲୦ୣ୭୰ୣ୲୧ୡୟ୪	ஜ୫୭୪	୭୤	୓మ୥ୟୱ 	ൈ 100                 (2.4) 
The theoretical amount of O2 gas was calculated from Faraday’s law equation (2.5):  
n ൌ I ൈ tz ൈ F																																									ሺ2.5ሻ 
where n is the number of mol, I is the current in ampere, t is the time in seconds, z is the transfer of 
electrons (for O2 z = 4), and F is the Faraday constant (96485 C mol−1). 
                The theoretical amount of O2 gas before stability = 19.52 µmol 
                The theoretical amount of O2 gas after stability = 19.00 µmol. 
The experimental amount of O2 gas was evaluated from the water displacement method using the 
following protocol: 
In our calculations the pressure is converted into units of an atmosphere by Dalton's law of partial 
pressure equations (2.6):  
																																																																							P୘୭୲ୟ୪ ൌ P୭୶୷୥ୣ୬ ൅ P୵ୟ୲ୣ୰         (2.6) 
At ambient conditions, the vapor pressure of water is 21.1 mmHg (this valve was chosen from vapor 
pressure table).   
762	mmHg ൌ P୭୶୷୥ୣ୬ ൅ 21.1	mmHg 
P୭୶୷୥ୣ୬ ൌ 762	mmHg െ 21.1	mmHg 
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P୭୶୷୥ୣ୬ ൌ 740.9	݉݉ܪ݃ 
The pressure in our calculations with respect to one atmosphere was:   
ሺ740.9	mmHgሻሺ1	atm 760	mmHgሻ ൌ 0.975	atm⁄  
Finally, the number of mol oxygen gas produced in water displacement is calculated by the equation 
(2.7):   
                                                        							PV ൌ nRT                         (2.7) 
V is the volume of produced gas in liters, T is the temperature in kelvin, and R is the ideal gas 
constant (0.0821 L atm/mol K). 
The number of moles oxygen gas produced in water displacement before the stability: 
                    (0.975	atmሻ	ሺ0.00048Lሻ= n (0.0821 L atm/mol K) (298K)  
n ൌ ሺ0.975	atmሻ ൈ ሺ0.00048	Lሻሺ0.0821	L	atm/mole	Kሻ 	ൈ ሺ298Kሻ 
n ൌ 19.1	μ	mol 
The number of mol oxygen gas produced in water displacement after the stability: 
 
                                (0.975	atmሻ	ሺ0.00046Lሻ= n (0.0821 L atm/mole K) (298K)  
n ൌ ሺ0.975	atmሻ ൈ ሺ0.00046Lሻሺ0.0821	L	atm/mole	Kሻ 	ൈ ሺ298Kሻ 
n ൌ 18.3	μ	mol 
Faradaic efficiency before stability. 
																																																										Faradaic	efficiency ൌ ଵଽ.ଵ଴ଵଽ.ହଶ ∗ 100    
Faradaic efficiency after stability.  
                     																											Faradaic	efficiency ൌ ଵ଼.ଷ଴ଵଽ.଴଴ ∗ 100    
The Faradaic efficiency before stability was 98%, while it was 96% after the 54 h of 
chronoamperometric stability test. 
2.3.5. Calibration of reference electrode 
Reference electrode calibration was carried in a three electrode system with Pt foil as working and 
counter electrode and Hg/HgO (1M NaOH) as reference electrode. The calibration was performed in 
high purity hydrogen saturated 1M KOH electrolyte. Steady-state linear-sweep voltammetry (LSV) was 
run at a scan rate of 0.5 mV s−1 and the potential at which current crosses zero was taken as 
thermodynamic potential (vs. Hg/HgO) for the hydrogen electrode (Figure 2.1).  
The potential at which current crosses zero is -0.915 V vs Hg/HgO. Thus, in this study the potential 
of Hg/HgO vs reversible hydrogen electrode is 0.915 V.  
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Figure 2.1. Calibration of reference electrode. Calibration curve for Hg/HgO electrode in 1M KOH. 
Copyright 2019, Springer Nature. 
2.4. Results and Discussion  
2.4.1. Theoretical Model   
Inexpensive Fe and Co hybrids with inorganic species (such as P or O) can show good OER 
performance 17-19 in that the covalent strength of Fe/Co-X in a Fe/Co-X-Y linkage is controlled by the 
inductive effect.18 Positive shift of the redox potential for transition metal oxide catalysts can lead to 
high catalytic effect.20 In consideration of the inductive effect, we have considered various phosphorus 
oxides PxOy as a better alternative for P/O. Given that O is highly electronegative, substituting O with 
phosphate would be a good choice for OER. Thus, tuning the catalytic effect would be possible by 
substituting O with phosphate, and further fine-turning, by optimizing the Fe/Co ratio. In many cases, 
Fe and Co behave similarly with similar ionization potentials EIP(Fe/Co) = 7.87/7.86 eV, but they show 
a large difference in valence electron configurations [Ar]3d64s2/[Ar]3d74s2 and electron affinities 
EEA(Fe/Co) = 0.15/0.66 eV. Therefore, their cations with varying Fe/Co ratio give different 
electrochemical properties with different induction effects. This led us to theoretically investigate the 
OER performance of stable cage structures of FemCo8-mO12 (m=0,2,4,6,8) and FenCo4-n(PO4)4 (n=0-4) 
(Figure 2.2a) at varying compositions of Fe and Co (a few varying Fe/Co ratios of 4/0, 3/1, 2/2, 1/3, 
0/4). DFT calculations were performed to understand their electronic structure (Figures 2.3-2.5) and 
*O/*OH free energies (ΔGO/ΔGOH) and theoretical overpotentials (ηtheory) required for OER at various 
compositions (Table 2.4), where * denotes an active site. We found that the metal substrate of rGO, 
though significantly beneficial for durability and conductivity (Figure 2.6), does not give significant 
effects on electronic structures of FenCo4-n(PO4)4 (n=0-4). To study the catalytic effect, here we have 
focused on the most stable (010) surface of FenCo4-n(PO4)4 (Table 2.5) rather than FenCo4-n(PO4)4@rGO 
for the realistic model.   
The optimal catalytic activity is found from the Fe/Co ratio of 3 for the FenCo4-n(PO4)4 models of 
clusters and (010) surfaces. For Fe/Co mixed metal phosphates, the ηtheory at Fe sites is the smallest at 
n=3, i.e., Fe3Co(PO4)4, while the ηtheory of Co sites is not small, remaining almost same for n=0-4 (Table 
-1.00 -0.95 -0.90 -0.85
-3
-2
-1
0
1
0.915 V
hydrogen evolutionC
ur
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 (m
A
)
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2.4). In the FemCo8-mO12 (m=0,2,4,6,8) model, the substitution effect of Co for Fe improves the ηtheory at 
Fe sites but not at Co sites. Thus, in both models, a small amount of Co which substitutes Fe is effective 
on Fe sites but not so on Co sites, and the optimized Fe/Co ratio at Fe sites in FenCo4-n(PO4)4 is 3. The 
binding energies of intermediate states at Fe sites become weaker if they are surrounded by many Co 
atoms. As a result, those local Fe sites become less active. The Fe sites of Fe3Co(PO4)4 are predicted to 
show excellent activity with ηtheory=0.24 V. The Fe and Co sites are tri-coordinated in clusters and penta-
coordinated in (010) surfaces. The binding energies of intermediate states become weaker on the penta-
coordinated Fe sites constantly (by ~0.5 eV) than on the tri-coordinated Fe sites. Yet, their free energy 
changes between O-adsorption and OH-adsorption (ΔGO-ΔGOH) behave similarly except for this 
constant difference and so their overpotentials are similar in both models. It seems that the binding 
energies of all the intermediate states also become weaker at more coordinated sites on surfaces by 
almost same magnitude (~0.5 eV) than on clusters.  
To sum-up, the electronic structure calculations reveal that the phosphate and the Fe/Co ratio 
(optimal value of 3/1) are important in tuning the redox potential. As compared to Fe3CoO6 (0001), the 
phosphate group in Fe3Co(PO4)4 (010) lowers the metal oxide antibonding state and positively shifts 
the redox potential with the inductive effect (Figure 2.3). Since Co (which is slightly more 
electronegative than Fe) pulls down the metal oxide antibonding state energy levels and thereby 
positively shifts the redox potential (Figure 2.3), tuning the Fe/Co ratio can be exploited for better OER 
performance. 
DFT calculations show that 1 exhibits the optimal ΔGO-ΔGOH free energy (Figure 2.2a). At the O-
adsorbed metal sites of 1, the bond strength between Fe/Co 3d and O 2p orbitals becomes weaker than 
at those of Fe6Co2O12 (Figure 2.4). Thus, we investigate the energetics of all intermediates (OH, O, 
OOH adsorption) and evaluate the theoretical overpotentials for OER (ηtheory) of catalysts of 
FeCo3(PO4)4 (010) and clusters of Fe3Co(PO4)4, FeCo3(PO4)4, Fe6Co2O12 and Fe2Co6O12 (Figure 2.2). 
Iron-cobalt oxide clusters are also studied to understand their ratio effect on catalytic activity. We 
calculate ηtheory for the FeCo3(PO4)4 cluster and FeCo3(PO4)4 (010) surface models and other cases with 
different Fe/Co ratios. The ηtheory at Co site of FeCo3(PO4)4 (010) is 0.49 V which is larger than the ηtheory 
0.24 V at Fe site of Fe3Co(PO4)4. The Fe site in the Fe3Co(PO4)4 (010) has a lower ΔG2 value (1.47 V) 
than that of the Co site (1.76 V). The improvement in ηtheory at the Fe-site in 1 over other considered 
composites is attributed to optimal ΔGO-ΔGOH by weakend *O binding and *OH binding at the Fe site, 
while the same change of *O and *OH binding at Co sites affect the OER reaction only moderately 
(Figure 2.2b, c, Figure 2.5 and Table 2.4). Overall, our computation shows that 1 reduces the energy 
barriers for every step, thereby lowering the free energies of each elementary reaction step (Figure 2.2b, 
c & Table 2.4). 
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Figure 2.2. DFT-predicted structures, overpotentials, and free energy profiles. (a) 2D color-coded map 
of theoretical overpotential ηtheory as function of free energies ΔGO-ΔGOH and ΔGOH for various 
compositions (i: Fe3Co(PO4)4 (010), ii: FeCo3(PO4)4 (010), iii: Fe3Co(PO4)4 cluster, iv: FeCo3(PO4)4 
cluster, v: Fe6Co2O12 cluster, vi: Fe2Co6O12 cluster) at Fe (gray circle) and Co (dark gray triangle) active 
sites. (b) Optimized geometries of the *O, *OH, and *OOH intermediates on the Fe sites of Fe3Co(PO4)4 
(010) (Table 2.4). (c) Free energy profiles of OER at zero and equilibrium (1.23 V) potentials for Fe 
and Co sites of Fe3Co(PO4)4 (010). OER typically undergoes a four-electron step process in alkali 
media. In an ideal case, the free energy changes by 1.23 V at each step (black line). The conversion of 
*OH to *O is the rate-determining step on both Fe site (∆G1=0.24 V) and Co site (∆G2=0.53 V). 
Copyright 2019, Springer Nature. 
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Figure 2.3. Electronic structures of Fe3Co(PO4)4 (010) and Fe3CoO6 (0001). (a, d) Partial density of 
states (PDOS) and (b, e) crystal orbital Hamilton population (COHP) of M-O (M=Fe, Co) bonds in 
Fe3Co(PO4)4 (010) (a, b) and Fe3CoO6 (0001) (d, e) with respect to energy (versus vacuum), which 
clearly demonstrate the effect of phosphate substitution. Because of the stabilization of M-O 
antibonding states, there exists a pronounced energy downshift of Fe3Co(PO4)4(010) as compared to 
Fe3CoO6(0001). The effect of reduced graphene oxide (rGO) on electronic properties of both surfaces 
is small based on similar PDOS of (c) Fe3Co(PO4)4(010)/rGO and (f) Fe3CoO6(0001)/rGO with PDOS 
of (a) and (d), respectively. Fe: orange, Co: sky-blue, O: red. Copyright 2019, Springer Nature.  
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Figure 2.4. Integrated crystal orbital Hamilton population (ICOHP) of Fe3Co(PO4)4 and Fe6Co2O12 for 
(a) Fe-*O and (b) Co-*O. The ICOHP up to Fermi energy (ICOHP(EF)) is related to bond strength 
(More positive -ICOHP implies stronger bond). In both Fe and Co sites, M-O (M=Fe, Co) of 
Fe3Co(PO4)4 is weaker than that of Fe6Co2O12. Copyright 2019, Springer Nature.  
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Figure 2.5. Adsorption free energies for OER intermediates versus ΔGOH and theoretical overpotential 
(ηtheory) versus ΔGO-ΔGOH. Adsorption Free energies of *O, *OH and *OOH (∆GO, ∆GOH and ∆GOOH, 
respectively) and ηtheory at Fe-sites (orange) and Co-sites (blue) of Fe8O12, Fe6Co2O12, Fe2Co6O12, 
Co8O12, Fe4(PO4)4, Fe3Co(PO4)4, FeCo3(PO4)4, and Co4(PO4)4 clusters are plotted as a function of ∆GOH 
and ΔGO-ΔGOH, respectively. Copyright 2019, Springer Nature.  
 
Figure 2.6. Partial density of states (PDOS) of (a) Fe3Co(PO4)4(010) and (b) Fe3Co3(PO4)4(010)/rGO 
using PBE+U (Ueff (Fe) = 4 eV, Ueff (Co) = 3.3 eV). The rGO support makes metal phosphates 
conductive. Fe: orange, Co: skyblue, O: red. Copyright 2019, Springer Nature.  
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Table 2.4. DFT-predicted Gibbs free energies for OER steps (intermediate states) and overpotential 
(ηtheory) at Fe and Co sites of various composites (see the scheme in computational method). Copyright 
2019, Springer Nature.  
Materials (Site) ∆G1 (eV) (∆GOH) 
∆G2 (eV) 
(∆GO) 
∆G3 (eV) 
(∆GOOH) 
∆G4 (eV) 
 
ηtheory (V) 
 
Fe4(PO4)4 (010) (Fe) 1.28 (1.28) 
1.48 
(2.76) 
1.39 
(4.15) 
0.77 
 
0.25 
 
Fe3Co(PO4)4 (010) (Fe) 
1.37 
(1.37) 
1.47 
(2.84) 
1.36 
(4.20) 
0.72 
 
0.24 
 
Fe2Co2(PO4)4 (010) (Fe) 
1.33 
(1.33) 
1.54 
(2.87) 
1.33 
(4.20) 
0.72 
 
0.31 
 
FeCo3(PO4)4 (010) (Fe) 
1.32 
(1.32) 
1.58 
(2.90) 
1.27 
(4.17) 
0.75 
 
0.35 
 
Fe3Co(PO4)4 (010) (Co) 
1.28 
(1.28) 
1.76 
(3.04) 
1.24 
(4.28) 
0.64 
 
0.53 
 
Fe2Co2(PO4)4 (010) (Co) 
1.28 
(1.28) 
1.74 
(3.02) 
1.47 
(4.49) 
0.43 
 
0.51 
 
FeCo3(PO4)4 (010) (Co) 
1.46 
(1.46) 
1.72 
(3.18) 
1.16 
(4.34) 
0.58 
 
0.49 
 
Fe4(PO4)4 (Fe) 
0.73 
(0.73) 
1.54 
(2.27) 
1.47 
(3.74) 
1.18 
 
0.31 
 
 Fe3Co(PO4)4 (Fe) 
0.77 
(0.77) 
1.52 
(2.29) 
1.49 
(3.78) 
1.14 
 
0.29 
 
Fe2Co2(PO4)4 (Fe) 
0.79 
(0.79) 
1.52 
(2.31) 
1.54 
(3.85) 
1.07 
 
0.31 
 
FeCo3(PO4)4 (Fe) 
0.81 
(0.81) 
1.52 
(2.33) 
1.55 
(3.88) 
1.04 
 
0.32 
 
Fe3Co(PO4)4 (Co) 
1.14 
(1.14) 
1.71 
(2.85) 
1.28 
(4.13) 
0.79 
 
0.48 
 
Fe2Co2(PO4)4 (Co) 
1.15 
(1.15) 
1.73 
(2.88) 
1.25 
(4.13) 
0.79 
 
0.50 
 
FeCo3(PO4)4 (Co) 
1.18 
(1.18) 
1.72 
(2.90) 
1.26 
(4.16) 
0.76 
 
0.49 
 
Co4(PO4)4 (Fe) 
1.17 
(1.17) 
1.74 
(2.91) 
1.23 
(4.14) 
0.78 
 
0.51 
 
Fe8O12 (Fe) 
0.52 
(0.52) 
0.97 
(1.49) 
2.30 
(3.79) 
1.13 
 
1.07 
 
Fe6Co2O12 (Fe) 
0.70 
(0.70) 
1.25 
(1.95) 
1.96 
(3.91) 
1.01 
 
0.73 
 
Fe4Co4O12 (Fe) 
0.76 
(0.76) 
1.21 
(1.97) 
2.13 
(4.10) 
0.82 
 
0.90 
 
Fe2Co6O12 (Fe) 
0.76 
(0.76) 
1.28 
(2.04) 
2.17 
(4.21) 
0.71 
 
0.94 
 
Fe6Co2O12 (Co) 
1.10 
(1.10) 
1.59 
(2.69) 
1.69 
(4.38) 
0.54 
 
0.46 
 
Fe4Co4O12 (Co) 
1.03 
(1.03) 
1.61 
(2.64) 
1.60 
(4.24) 
0.68 
 
0.38 
 
Fe2Co6O12 (Co) 
1.03 
(1.03) 
1.56 
(2.59) 
1.65 
(4.24) 
0.68 
 
0.42 
 
Co8O12 (Co) 
1.05 
(1.05) 
1.57 
(2.62) 
1.64 
(4.26) 
0.66 
 
0.41 
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Table 2.5. Surface energies (γ) of Fe3Co(PO4)4. γ = (Esurf - n×Ebulk)/2A where Esurf is total energy of 
each surface including n formula units, Ebulk is total energy per formula unit of Fe3Co(PO4)4, and A is 
surface area. Miller index is based on the Fe3Co(PO4)4 bulk unit cell. Copyright 2019, Springer Nature. 
Surface (010) (100) (101) (111) (001) (110) 
γ (J·m-2) 0.36 0.63 0.64 0.84 0.93 1.04 
 
2.4.2. Catalyst synthesis   
In light of above findings, we synthesized three catalysts of [1: (Fe3Co(PO4)4@rGO), 2: (Fe1-
1.33Co(PO4)2@rGO) (or FeCo(PO4)2@rGO), 3: (Fe1.5-2Co(PO4)3@rGO) (or Fe2Co(PO4)3@rGO)] with a 
one‐pot temperature‐programmed carbonization process (Figure 2.7a, Methods). Since 1 shows the best 
activity, we will focus our discussion on 1, unless otherwise specified.  
2.4.3. Scanning and transmission electron microscopy analysis 
Catalyst 1: The scanning electron microscopy (SEM) and low-resolution transmission electron 
microscopy (TEM) images of 1 show that Fe3Co(PO4)4 nanoparticles (NPs) are uniformly distributed 
on the rGO surface with diameters 50-70 nm (Figure 2.7b). The high-resolution TEM (HRTEM) and 
fast-Fourier-transform (FFT) images reveal that the Fe3Co(PO4)4 NPs are crystalline (Figure 2.7c). The 
HRTEM images show d-spacing values of 2.98 Å, corresponding to the {020} planes for the 
Fe3Co(PO4)4 crystal. Plane defects and atomic dislocations (yellow dots in Figure 2.7c) enhance the 
specific area and the electrocatalytic site for further boosting the OER activity. In addition, high-angle 
annular-dark-field scanning-TEM energy-dispersive spectroscopy (HAADF-STEM-EDS) mapping 
was used to examine the elements distribution in Fe3Co(PO4)4@rGO (Figure 2.7d).  Composition line-
scan profiles across a NP of 1 shows that Fe/Co/P elements are distributed throughout the NP (Figure 
2.7e). 
Catalyst 2 & 3: The SEM and TEM images show that nanoparticles (NPs) in both catalysts 2 and 3 are 
uniformly distributed on the rGO surface (Figures 2.8a & 2.9a). From the TEM images, we note that 
the diameters of NPs increase with increasing cobalt content in the FexCoy(PO4)x+y@rGO (Figures 2.8a 
& 2.9a). The HR-TEM images demonstrate that both NPs are crystalline (Figures 2.8b & 2.9b). 
Furthermore, the HRTEM image of catalyst 2 shows the d-spacing of ~0.221 nm (Figure 2.8b), while 
in catalyst 3 the d-spacing is ~0.298 nm (Figure 2.9b).  The elements distribution in catalyst 2 and 3 are 
examined by high-angle annular-dark-field scanning-TEM energy-dispersive spectroscopy (HAADF-
STEM-EDS), which show that the NPs in both catalysts are composed of Fe, Co and P supported on 
carbon (Figures 2.8c & 2.9c). 
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2.4.4. X-ray diffraction (XRD) analysis  
Catalyst 1: The X-ray diffraction (XRD) patterns of 1 show the peaks at 20.3°, 30.3°, 48.52° and 52.1° 
(marked as “▼”) corresponding to {101}, {020}, {220}, and {222̅} crystal planes, respectively, for a 
monoclinic Fe3Co(PO4)4 crystal (space group: Pm) (Figures 2.7 f & 2.10). Additionally, the {020} peak 
has the maximum intensity, indicating that the c-axis [010] is the growth direction of Fe3Co(PO4)4 
crystal. Both theoretical and experimental patterns are quite similar; however, few peaks slightly blue-
shifted in experiment, indicating the volume expansion with increased lattice spacing (due to phosphate 
intercalation) and crystal defects/dislocations (due to strain effect during the metal cations formation). 
These observations are in good agreement with the HRTEM results as discussed earlier. The expanded 
curves of Fe3Co(PO4)4@rGO show a broad band at 26.3o (marked as “♦”) corresponding to the (002) 
plane of rGO, indicating the successful reduction of GO and formation of graphitic structures with 
interlayer spacing of 0.34 nm.21-23 A few small unmatched diffraction peaks, such as 35-39o, 41-42o, 
55-60o, and 63-80o, are not clear to us because there can be so many possible structures in small 
quantities, but may be resulted from a by-product adduct Fe4.1Co2.9(PO4)6, mono-metallic iron or cobalt 
phosphate during the one-pot temperature-programmed carbonization process (Figure 2.10). However, 
it is clear that they are not a significant issue because all experimental results are well explained by our 
theoretical models. 
Catalyst 2-5: The powder X-ray diffraction (XRD) patterns of as-synthesized catalysts 2, 3, 4 and 5 
are characterized, which confirms the formation of crystalline phase (Figure 2.11). The XRD peaks 
(except one peak at 32.80) of catalyst 4 match with the standard PDF card of Fe2P2O7@rGO (JCPDS 
01-076-1762). The peak at 32.80 matches with the PDF card of Fe2PO5 (JCPDS 00-036-0084). The 
XRD pattern of catalyst 5 shows a mixture of CoFe2O4 and Fe2O3, in good agreement with the standard 
data (JCPDS 01-079-1744 for CoFe2O4 and 01-079-1744 for Fe2O3). Consequently, XRD patterns of 2-
5 indicate the formation of desired products with the highest degree of crystallinity. 
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Figure 2.7. Preparation route, structural and compositional characterizations of Fe3Co(PO4)4@rGO (1). 
(a) Synthesis procedure: First, mix the sample of graphene oxide, red phosphorus, FeCl3, and 
Co(ClO4)2·6H2O, and then heat. Second, leach with acid, wash with DI water and dry in oven.                 
(b) Scanning (left) and transmission (right) electron micrographs. Scale bars, 200 nm.                          
(c) Representative high-resolution transmission electron microscopy (HRTEM) images for different 
positions of single-particle (yellow dots denote atomic dislocations). Fast Fourier transform (FFT) 
image is on right-bottom panel. Scale bars, 2 nm. (d) High-angle annular dark field-scanning 
transmission electron microscope (HAADF–STEM) image and their corresponding individual element 
maps of C, Fe, Co, P, and O in a part of 1. (e) HAADF–STEM image with the overlapping image 
showing the corresponding EDS line scan profiles. Scale bars, 50 nm. (f) X-ray diffraction pattern, 
which confirms the formation of Fe3Co(PO4)4 in 1. The peak marked by black diamond denotes the 
rGO peak. Additional small unmatched peaks may be resulted from the by-product adduct of 
Fe4.1Co2.9(PO4)6 and mono-metallic iron or cobalt phosphate (Figure 2.10). Copyright 2019, Springer 
Nature.  
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 Figure 2.8. Structural and compositional characterizations of FeCo(PO4)2@rGO (2). (a) Scanning (left) 
and transmission (right) electron micrographs. SEM and TEM images show that the diameters of NPs 
are in the range of 70‒130 nm (b) HRTEM image of single-particle. (c) HAADF–STEM image and 
their corresponding individual element maps of C, Fe, Co, P, and O. Copyright 2019, Springer Nature. 
 
    
Figure 2.9. Structural and compositional characterizations of Fe2Co(PO4)3@rGO (3). (a) Scanning 
(left) and transmission (right) electron micrographs. SEM and TEM images show that the diameters of 
NPs are in the range of 60‒95 nm (b) HRTEM image of single-particle. (c) (HAADF–STEM) image 
and their corresponding individual element maps of C, Fe, Co, P, and O. Copyright 2019, Springer 
Nature. 
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Figure 2.10. XRD characterization for 1 [(Fe3Co(PO4)4@rGO] compared with the experimental XRD 
spectra [obtained from crystal structures. Fe4.1Co2.9(PO4)4 and CoFe2O4] and the calculated XRD spectra 
[based on different metal phosphates crystal structures]: (a) Comparison of the experimental XRD 
spectra of 1. (b) Comparison of the experimental XRD spectra of 1 with the calculated XRD spectra 
(C1-C5) based on DFT-predicted various metal phosphates crystal structures. The XRD spectra of 1 are 
similar mainly to those of C1: Fe3Co(PO4)4 (Pm) and partly to those of C3: FePO4 (Cm). Copyright 
2019, Springer Nature. 
 
Figure 2.11. X−ray diffraction (XRD) characterization. XRD patterns for catalysts of                          
2: FeCo(PO4)2@rGO, 3: Fe2Co(PO4)3@rGO, 4: (Fe2P2O7)@rGO, and 5:(CoFe2O4 )(Fe2O3)@rGO.  
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2.4.5. X-ray absorption fine structure analysis    
We conducted Fourier transform X-ray absorption fine structure (FT–EXAFS) analysis which 
provided the chemical state and coordination environments.24-25 The energies of both XANES Fe K-
edges and Co K-edges of 1 and FeCo(PO4)2@rGO (2) are positively shifted compared with those of 
Fe/Co foils (Figure 2.12a, d), suggesting the oxidized states of Fe/Co. The FT-EXAFS data of Fe and 
Co in 1 and 2 exhibit similar peak patterns, but the peak intensities and positions are slightly changed 
due to their different compositions. Meanwhile, Fe and Co foils show different peak positions for Fe–
Fe and Co–Co bonds (Figure 2.12b, e). We analyzed the EXAFS curve of 1 using least-square fit for 
first- and second-shells. (Figures 2.12c and 2.13a) show that the major peaks at 2.0 Å (coordination 
number (CN): 4.1) and 2.2 Å (CN: 1.9) reflect Fe=O and Fe–O bond distances while the minor peak 
reflects the overlapped peaks at Fe…P distances (via O) of 2.9/3.1/3.3 Å (CN: 1.6/1/2.4, respectively) 
(Table 2.6). Similarly, Figures 2.12f and 2.13b show peaks at 2.0 Å (CN: 2) and 2.4 Å (CN: 4) for 
Co=O and Co–O bond distances while a major peak at 2.8 Å (CN: 5) for the Co…P distance via O (Table 
2.7).   
We calculated theoretical Fe/Co K-edge EXAFS of Fe3Co(PO4)4 using the FDMX package.26-27 
These theoretical FT-EXAFS spectra of the Co and Fe atoms are similar to the experimental FT-EXAFS 
spectra of 1 in r-space (Figure 2.14). It seems that the difference between Fe and Co K-edge EXAFS of 
1 arises from different Fe-P distances at each Fe sites in the crystal (Tables 2.6 and 2.7). To confirm 
this, we calculated EXAFS of pure Fe4(PO4)4 and Co4(PO4)4, where the Co K-edge FT-EXAFS spectra 
of Co4(PO4)4 are similar to the Fe K-edge FT-EXAFS in r-space. This indicates that Co atoms well 
replace Fe sites in the Fe3Co(PO4)4 lattice.  
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Figure 2.12. X-ray absorption spectra. (a-c) Fe K-edge. (d-f) Co K-edge. (a,d) XANES spectra for Fe 
K- and Co-K edges. (b,e) Fourier transform (FT) of the EXAFS spectra in real space at Fe K- and Co 
K-edges. (c,f) FT-EXAFS spectra in r-space and the corresponding least-squares fit (black rectangular 
line) for 1st and 2nd shells. 1: Fe3Co(PO4)4@rGO; 2: FeCo(PO4)2@rGO. Copyright 2019, Springer 
Nature. 
 
Figure 2.13. EXAFS χ(k) signals in k-space and the corresponding least-squares fit (black solid line) 
for 1st shell. (a) Fe and (b) Co.  1: Fe3Co(PO4)4@rGO. Copyright 2019, Springer Nature. 
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Figure 2.14. Calculated FT-EXAFS spectra in r-space of Fe3Co(PO4)4 crystal structure compared with 
Fe4 (PO4)4 and Co4 (PO4)4. (a) Fe K-edge XAFS and (b) Co site K-edge XAFS are calculated using 
FDMX26-27 with a full-potential finite difference method (FDM). Both Fe K-edge XAFS of Fe4 (PO4)4 
and Co site K-edge XAFS of Co4(PO4)4 are similar. Though Fe K-edge XAFS of Fe3Co(PO4)4 is similar 
to that of Fe4(PO4)4, the Co K-edge XAFS of Fe3Co(PO4)4 is significantly different from that of 
Co4(PO4)4, because the former has no neighboring Co atoms, while Co4(PO4)4 has four neighboring Co 
atoms. Copyright 2019, Springer Nature.    
Table 2.6. Curve-fitting analysis for Fe K-edge EXAFS of Fe3Co(PO4)4@rGO before and after OER 
test (R-factor=0.0082): Fe K-edge EXAFS curve fitting parameters (R: Bond distance, CN: 
Coordination number, σ2: Debye-Waller factor, ∆E0: energy shift). Copyright 2019, Springer Nature. 
Before OER test 
Path R(Å) CN (atoms) σ2 (Å2) ∆Eo 
Fe-O 2.02 ± 0.03 4.1 0.010 ± 0.002 4.98 ± 2.52 
Fe-O 2.23 ± 0.03 1.9 0.010 ± 0.002 4.98 ± 2.52 
Fe-P 2.88 ± 0.06 1.6 0.010 ± 0.004 4.98 ± 2.52 
Fe-P 3.11 ± 0.18 1.0 0.010 ± 0.004 4.98 ± 2.52 
Fe-P 3.31 ± 0.07 2.4 0.010 ± 0.004 4.98 ± 2.52 
After OER test 
Path R(Å) CN (atoms) σ2 (Å2) ∆Eo 
Fe-O 2.00 ± 0.02 4.8 0.012 ± 0.001 4.08 ± 2.65 
Fe-O 2.21 ± 0.02 1.2 0.012 ± 0.001 4.08 ± 2.65 
Fe-P 2.75 ± 0.04 1.3 0.006 ± 0.003 4.08 ± 2.65 
Fe-P 2.94 ± 0.11 1.0 0.006 ± 0.003 4.08 ± 2.65 
Fe-P 3.19 ± 0.03 2.7 0.006 ± 0.003 4.08 ± 2.65 
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Table 2.7. Curve-fitting analysis for Co K-edge EXAFS of Fe3Co(PO4)4@rGO before and after OER 
test (R-factor before OER=0.0025, R-factor after OER=0.0041): Co K-edge EXAFS curve fitting 
parameters (R: Bond distance, CN: Coordination number, σ2: Debye-Waller factor, ∆E0: energy shift).  
Copyright 2019, Springer Nature. 
Before OER test 
Path R(Å) CN (atoms) σ2 (Å2) ∆Eo 
Co-O 1.98 ± 0.01 2 0.0058 ± 0.0008 -2.56 ± 1.07 
Co-O 2.39 ± 0.01 4 0.0058 ± 0.0008 -2.56 ± 1.07 
Co-P 2.81 ± 0.01 5 0.0039 ± 0.0005 -2.56 ± 1.07 
After OER test 
Path R(Å) CN (atoms) σ2 (Å2) ∆Eo 
Co-O 1.94 ± 0.01 2 0.006 ± 0.001 -7.34 ± 1.37 
Co-O 2.35 ± 0.01 4 0.006 ± 0.001 -7.34 ± 1.37 
Co-P 2.79 ± 0.01 5 0.007 ± 0.001 -7.34 ± 1.37 
 
2.4.6. X-ray photoelectron spectroscopy analysis   
The core-level P-2p X-ray photoelectron spectroscopy (XPS) shows two major peaks at binding 
energies of 133.3±0.1 and 134.2±0.1 eV, corresponding to the 2p3/2 and 2p1/2 core levels of central 
phosphorus atoms in phosphate species28, which is characteristic of the tetrahedral (PO4)-group29 
(Figure 2.15a). Furthermore, the O-1s XPS spectra show two peaks at 531.4 and 532.5 eV, assigned to 
phosphate species30 (Figure 2.15b). The atomic ratio of Fe/Co are 3/1 or 3.1/1, as measured by 
inductively-coupled-plasma atomic-emission-spectroscopy (ICP-AES) (Table 2.1). Also XPS analysis 
provides the atomic percentage near sample surface. As compared with ICP-AES bulk sample analysis, 
the XPS surface analysis increases the Fe(PO4) content, while the atomic content of P (or PO4) is almost 
the sum of Co and Fe atomic contents, indicating the charges of Co and Fe are +3 (Table 2.2). The 
content of O is slightly larger than four times of the content of P due to environmental oxygen. An extra 
content of Fe(PO4), as noted from XPS over ICP-AES could be present on the surface more than in 
bulk. However, the XPS data are not so reliable for accurate composition analysis as compared with 
ICP-AES. The Fe/Co metals composition ratio from ICP-AES is more reliable. Overall, the elemental 
composition turns out to be 1: Fe3Co(PO4)4@rGO (Fe/Co=3), 2: FeCo(PO4)2@rGO 
(Fe4Co3(PO4)7@rGO) (Fe/Co=1-1.33) and 3: Fe2Co(PO4)3@rGO (or Fe3Co2(PO4)5@rGO) (Fe/Co=1.5-
2). To facilitate our discussion, 2 and 3 will be simply denoted as 2: FeCo(PO4)2@rGO and 3: 
Fe2Co(PO4)3@rGO in consideration with the experimental component analysis.  
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Core-level XPS Spectra of C, Co on Fe in catalysts 1-4: The core-level XPS spectrum of C 1s in 
catalyst 1 shows the main strong and sharp peak at 284.6 eV corresponds to graphitic carbon, while the 
peak located at 285.8 eV is assigned to C-O/C-P (Figure 2.16a).31 The spectrum of Co 2p in catalyst 1 
displays the core-level XPS peaks at 782.3 eV (2p3/2) and 797.4 eV (2p1/2) with satellite peaks at 
786.6, 790.7, and 803 eV corresponding to the Co2+ state (Figure 2.16b).32 The Fe 2p spectrum in 
catalyst 1 exhibits peaks of two different spin-orbits. The peaks located at binding energies of 713.2 
and 725.3 eV with shakeup satellites (718.8 and 728 eV) are attributed to 2p3/2 and the 2p1/2 of Fe3+, 
while the peak located at binding energy of 711.6 eV with satellite peak of 715.3 eV correspond to Fe2+ 
state (Figure 2.16c).33‐35 The peaks position in the core-level XPS spectra of C, P, O, Co and Fe in 
catalysts 2-4 are almost similar to that of catalyst 1(Figures 2.17-2.19).      
Core-level XPS spectra of 5: The XPS spectrum of C 1s in catalyst 5 shows the peak of graphitic 
carbon and C-O at binding energies of 284.4 and 285.8, respectively (Figure 2.20a).31 The high 
resolution XPS spectrum of oxygen shows three peaks at binding energies of 529.6, 531.6, and 532.9 
eV, which can be assigned to metal-oxygen bond, metal-hydroxides, and adsorbed oxygen species 
(Figure 2.20b).36‐37 The XPS spectrum of Co 2p displays core-level peaks at binding energies of 780.9 
eV (2p3/2) and 795.6 eV (2p1/2) with satellite peaks at 784.1, 787.5, and 790.8, eV corresponding to 
the Co2+ species in (CoFe2)O4 (Figure 2.20c).38‐39 The high resolution XPS spectrum of Fe 2p in 
(CoFe2)O4 exhibits peaks of two different spin-orbits. The peaks at binding energies of 710.1 and 723.9 
eV corresponding to Fe3O4, while the peak located at binding energy of 712 eV with satellite peaks of 
718.7 and 726.2 eV corresponds to Fe3+ state (Figure 2.20d). 34‐35, 40     
Core-level XPS spectra of Catalysts 6-9: The figures 2.21-2.24 show the core-level XPS spectra of C 
1s, P 2p, O 1s, Co 2p and Fe 2p of catalysts 6-9. In all these catalysts 6-9, the C Is have the peaks of 
graphitic carbon (284.3-284.5 eV) and C-O/C-P (285.3 or 285.6 eV) (Figures 2.21a-4.24a).31 Similarly, 
the XPS spectra of O 1s in catalysts 6-9 show the peaks at binding energies which can be assigned to 
phosphate group (Figures 2.21c-4.24c).41 The core-level XPS spectra of P 2p, Co 2p and Fe 2p of 
catalysts 7-9 have almost similar binding energy to that of catalyst 1 in which the XPS spectra of P 2p 
show the typical peaks of phosphate species at binding energies of 133.1-133.3 eV and 134-34.2 eV 
(Figures 2.22b-2.24b).41 The binding energies of Co and Fe spectra (Figures 2.22d, e – 2.24d, e) show 
that Co and Fe in catalysts 7-9 have similar cationic states to that of catalyst 1. However, in catalyst 6 
we note that the core-level XPS spectra of P 2p, Co 2p and Fe 2p have some different peaks compared 
to catalyst 1.  For example, the core-level XPS spectrum of P 2p in catalyst 6 shows two different states 
of peaks (Figure 2.21b), one can be assigned to phosphide (unresolved doublet centered at 129.6 eV) 42 
and the other to phosphate (resolved doublet centered at 133.1 eV and 134 eV).41 The high-resolution 
XPS spectrum of Co 2p in catalyst 6 shows two pairs of peaks (Figure 2.21d). The peaks located at 
binding energies of 778.9 and 794.3 eV are assigned to metallic Co in CoP25, while the peaks at binding 
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energies of 782.4 and 799.2 eV with shakeup satellites (787.6 and 804.4 eV) correspond to cationic 
cobalt in metal phosphate.32 Similarly, the core-level XPS of Fe 2p in catalyst 6 shows zero valence 
state peaks at binding energies of 707.2 and 720 eV25 and cationic state peaks at binding energies of 
711.8, 714.3 and 725.1 eV with shakeup satellite peaks at 716.6 and 728.7 eV, which are attributed to 
metal phosphide and metal phosphate, respectively (Figure 2.21e).   
 
 
Figure 2.15. X-ray Photoelectron Spectroscopy (XPS) core-level spectra of 1 before stability tests.        
(a) P2p, and (b) O1s, Copyright 2019, Springer Nature. 
 
 
Figure 2.16. XPS core-level spectra of 1 before stability tests. (a) C 1s; (b) Co 2p; (c) Fe 2p. Copyright 
2019, Springer Nature. 
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Figure 2.17. XPS core-level spectra of catalyst 2. (a) C 1s; (b) P 2p; (c) O 1s; (d) Co 2p; e, Fe 2p. 
Copyright 2019, Springer Nature. 
               
 
Figure 2.18. XPS core-level spectra of catalyst 3. (a) C 1s; (b) P 2p; (c) O 1s; (d) Co 2p; e, Fe 2p. 
Copyright 2019, Springer Nature. 
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Figure 2.19. XPS core-level spectra of catalyst 4. (a) C 1s; (b) P 2p; (c) O 1s; (d) Fe 2p. Copyright 
2019, Springer Nature. 
 
 
Figure 2.20. XPS core-level spectra of catalyst 5. (a) C 1s; (b) O 1s; (c) Co 2p; (d) Fe 2p. Copyright 
2019, Springer Nature. 
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Figure 2.21. XPS core-level spectra of catalyst 6. (a)C 1s; (b) P 2p; (c) O 1s; (d) Co 2p; (e) Fe 2p. 
Copyright 2019, Springer Nature. 
 
 
Figure 2.22. XPS core-level spectra of catalyst 7. (a) C 1s; (b) P 2p; (c) O 1s; (d) Co 2p; e, Fe 2p. 
Copyright 2019, Springer Nature. 
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Figure 2.23. XPS core-level spectra of catalyst 8. (a) C 1s; (b) P 2p; (c) O 1s; (d) Co 2p; (e) Fe 2p. 
Copyright 2019, Springer Nature. 
 
          
Figure 2.24. XPS core-level spectra of catalyst 9. (a) C 1s; (b) P 2p; (c) O 1s; (d) Co 2p; (e) Fe 2p. 
Copyright 2019, Springer Nature. 
2.4.7. Electrochemical performance   
We performed electrochemical measurements to check the catalytic activities of catalysts 1-9 and 
commercial 20 wt% Ir/C for OER in 1M KOH electrolyte (Figures 2.25a and 2.26-2.28). The OER 
activity of these electrocatalysts are influenced by the amount of Fe or Co in the presence of phosphate, 
and the best activity is achieved for 1. 1 exhibits very small overpotential of ~237 mV to afford a current 
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density of 100 mA cm−2, lower than catalysts 2-9 and commercial Ir/C (Figure 2.25a, Figures 2.26-
2.28). The benchmark Ir/C catalyst displayed a current density of 100 mA cm−2 at 303 mV (Figure 
2.25a).  
The TOF is calculated to be 0.54 s−1 at an overpotential of 237 mV, indicating a highly active 
catalyst, 7.6 times that of Ir/C 0.071 s−1 (details in Methods) which further confirms the outstanding 
OER performance of 1. The Tafel slope is 57 mV decade-1 (Figure 2.25b), smaller than that of Ir/C (117 
mV decade-1). The small overpotential at Fe sites of 1 is the key factor for the superior OER activity of 
1. For achieving this optimal overpotential, other environmental factors have also been utilized as 
follows. The large Brunauer-Emmett-Teller (BET) surface area (238 m2/g) (Figure 2.29) with average 
pore size 4.3 nm promotes the contact between 1 and electrolyte, thereby helping in the optimal OER 
activity. The very low charge-transfer resistance (0.29 Ω on NF substrate, 7.5 Ω on GCE substrate) 
promotes electron transport, thereby leading to faster kinetics (Figure 2.30a, b). The electrochemical 
double-layer capacitance (Cdl=0.0162 F), which is directly correlated to the catalyst’s active surface 
area, is very large, 8.1-fold the Cdl of Ir/C (0.002 F) (Figure 2.31). The defects/dislocations (strain 
effect)43-44 of Fe and Co atoms in crystal help in improving the performance of active sites.    
After initial and 5000 CV cycles, accelerated degradation test of 1 indicates the excellent durability 
as demonstrated by the near overlay of OER curves (Figure 2.25c). No significant changes in 
TEM/TEM-EDX, HRTEM, hard/soft-XAS, XPS, and Raman spectra (except for minor increase in 
FeOx/FeOOH and CoOx/CoOOH45-46, which would not be so active like Fe sites of 1, Figure 2.32) were 
observed before and after the test, indicating that 1 is quite durable (Figures 2.33-2.38). The stability of 
this catalyst was further assessed by chronoamperometry. 1 exhibited outstanding stability with no 
changes in current density of ~10 - 11 mA cm-2 (70 h on NF and 55h on GCE) and ~210 mA cm-2 (for 
45 h on NF) ((Figure 2.25d and Figure 2.39). The high stability and durability of nanocrystal in 1 is 
ascribed to the graphene support (which is very stable in alkaline and acid media) and the strong 
coordination between Fe/Co and PO4. Initially and 54h after stability test, the Faradaic efficiency (after 
1h test) is ~98 and ~96 % in alkaline electrolyte, respectively (Methods).  
To evaluate the real application, an overall water splitting cell was fabricated in which 1M/6M 
KOH was used as electrolyte and 1 served as the anode with 20 wt% Pt/C catalyst as the cathode. It 
required ~1.45 V in 1M KOH (1.39 V in 6M KOH) to facilitate overall water splitting at a current 
density of 10 mA cm−2 (Figure 2.25e and Figure 2.40), which is the lowest voltage, much lower than 
that of the benchmark combination (1.53 V; commercial Pt/C and Ir/C catalysts). It required nominal 
voltage of 1.4 V to drive overall water splitting (Figure 2.40). 
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Figure 2.25. Electrochemical performance of electrocatalysts toward OER and whole cells water 
splitting. (a) Linear sweep voltammograms (LSV) curves measured in 1M KOH at a scan rate of 5 mV 
s−1. (b) Tafel slope. (c) LSVs recorded at a scan rate of 5 mV s−1 during the OER before and after 
continuous polarization of the electrode in 1M KOH for 5000 cycles. (d) Chronoamperometry curves 
recorded in 1M KOH for 70 h. (e) Current density of Pt/C-1 versus Pt/C-Ir/C for overall water splitting 
in 1M KOH. 1: Fe3Co(PO4)4@rGO, 4: Fe2P2O7)@rGO, 5: (CoFe2O4 )(Fe2O3)@rGO. Copyright 2019, 
Springer Nature.  
 
Figure 2.26. OER performance. 1:(Fe3Co(PO4)4@rGO)@NF, 2:(FeCo(PO4)2@rGO)@NF, 
3:(Fe2Co(PO4)3@rGO)@NF and NF in 1M KOH aqueous solution. NF: Nickel foam. Copyright 2019, 
Springer Nature.   
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Figure 2.27. OER performance and Tafel slope. (a) 1:(Fe3Co(PO4)4@rGO) @GCE, 
2:(FeCo(PO4)2@rGO)@GCE, 3:(Fe2Co(PO4)3@rGO)@GCE, and Ir/C@GCE in 1M KOH aqueous 
solution. GCE: Glassy carbon electrode. (b) OER Tafel plots of 1 and Ir/C catalysts derived from a.  
Copyright 2019, Springer Nature.  
 
 
Figure 2.28. Effect of GO and red phosphorous on the OER performance. (a) effect of GO amounts on 
the OER performance. (b) effect of red phosphorous amounts on the OER performance. Copyright 
2019, Springer Nature. 
 
Figure 2.29. BET surface area analysis and pore size distribution. (a) N2 adsorption-desorption 
isotherm. (b) pore size distribution from Barret–Joyner–Halenda (BJH) calculation. Copyright 2019, 
Springer Nature. 
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Figure 2.30. Impedance measurements. EIS Nyquist plots of 1 and Ir/C on nickel foam (a) and 1 and 
Ir/C on GCE substrate. (b) In the Nyquist plots, an imaginary part (–Z'') and a real part (Z') of 
characteristic curves are plotted as y axis and x axis, respectively. The inset is the fitting equivalent 
circuit for the impedance spectra. Copyright 2019, Springer Nature.  
 
 
Figure 2.31. Double layer capacitance measurements. Cyclic voltammograms of (a) 1 and (c) Ir/C 
which were recorded at different scan rates in the voltage window of 1.059 to 1.174 V versus RHE.     
(b) Scan rate dependence of the current densities of 1 and (d) Ir/Cat 1.125 V versus RHE. Copyright 
2019, Springer Nature.  
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Figure 2.32. Structure and OER activity of (a) FeOOH- and CoOOH-like sites on top of Fe3Co(PO4)4 
(010) and (b) Fe and Co sites of Fe3Co(PO4)4 (010). Fe: orange, Co: blue, O: red, H: cyan. Copyright 
2019, Springer Nature. 
 
Figure 2.33. Microstructural characterization after 5k CV cycles test. (a) Low-magnification and         
(b) High magnification TEM images.  (c) Overlapping image (d-i) STEM-HAADF image and elemental 
maps of C (e), Fe (f), Co (g), P (h), and O (i). Copyright 2019, Springer Nature.  
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Figure 2.34. HRTEM images of 1 after 5k CV cycles test. (a) HRTEM image and (b) Magnified 
HRTEM image taken from the selected area in a. Copyright 2019, Springer Nature. 
 
 
Figure 2.35. Comparison of XAS spectra of 1 before and after stability test. (a) Fe L3,2-edge and            
(b) Co L3,2-edge. After a 5000-cycle test, the Fe L3,2-edge XAS spectra for 1 indicates that the positions 
of the L3 and L2 peaks are almost same for both Fe and Co, suggesting that not only Fe2+ and Fe3+ states 
but also Co2+ and Co3+ states kept almost same during the cycling. Nevertheless, though very small, 
L3,2-edge XAS spectra shifted very slightly to higher energy, indicating that Fe/Co is very slightly 
oxidized during the OER stability test. As a result, FeOx/CoOx or FeOOH/CoOOH could be slightly 
formed during the OER process as the reviewer pointed out. However, CoOOH is expected to be a less 
active site because of its higher overpotential than RuO2 (which has a much lower activity than ours)47 
and its less inductive effect of P towards Co sites in our catalyst. Phosphate sites are not active, as the 
reviewer addressed. However, metal sites are active. The DFT calculations demonstrate that the Fe-
sites of Fe3Co(PO4)4 are active sites with overpotential 0.24 V in excellent agreement with the 
experiment. Copyright 2019, Springer Nature.   
 
 
770 780 790 800 810
 Initial
 After stability test
In
te
ns
ity
 (A
U
)
Photon energy (eV)
Co L3,2-edge
700 710 720 730 740
In
te
ns
ity
 (A
U
)
Photon energy (eV)
 Initial
 After stability test
Fe L3,2-edge
a bL3
L2 L2
L3
    
52 
 
 
Figure 2.36. XPS core-level spectra of 1 after 5kCV cycles stability test. (a) Fe 2p; (b) Co 2p; (c) P 2p; 
(d) O 1s. Post-mortem analysis to investigate the surface reaction effect during the OER process shows 
insignificant change in peak positions of Fe, Co, P, and O. However, O 1s shows the two characteristic 
peak at 529.7 and 535.3 eV, which are attributed to O2− ions of the lattice oxygen48 and surface 
hydroxyl/water moiety49, respectively. Copyright 2019, Springer Nature. 
 
Figure 2.37. Curve-fitting analysis for (a, b) Fe-K edge and (c, d) Co K-edge EXAFS of 
Fe3Co(PO4)4@rGO after OER test. (a, c) FT-EXAFS spectra in r-space and the corresponding least-
squares fit for 1st and 2nd shells. (b, d) k3 weighted EXAFS χ(k) in k-space and the corresponding 
least-squares fit for 1st and 2nd shells. Copyright 2019, Springer Nature.  
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Figure 2.38. Raman analysis. Raman spectra of 1 before and after 5000 CV cycles stability test. Two 
small peak at 300 and 400 cm-1 were observed after OER stability, indicating the partly oxidization of 
Fe or Co on the Fe3Co(PO4)4 surface. Copyright 2019, Springer Nature. 
 
Figure 2.39. Chronoamperometric tests. (a) Stability test of Fe3Co (PO4)4@rGO catalysts loaded on 
glassy carbon electrode in 1M KOH. (b) Stability test of Fe3Co(PO4)4@rGO catalysts loaded on nickel 
foam in 1M KOH at high current density. (the area of nickel foam for this stability test was 1cm2).  
Copyright 2019, Springer Nature.   
 
Figure 2.40. Whole water splitting. (a) Current density of Pt/C-1 for overall water splitting in 6M KOH 
solution. The catalyst loading at cathode and anode was 5 mg cm-2. (b) Photographic image of alkaline 
water splitting at 1.4 V in a two-electrode configuration for overall water splitting in 6M KOH solution, 
indicating the oxygen and hydrogen bubbles generation. Copyright 2019, Springer Nature. 
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2.5. Conclusion  
In summary, we synthesized 1 and systematically evaluated their OER catalytic activities in 
alkaline conditions. This hybrid exhibited excellent OER catalytic activities (very low overpotential of 
237 mV at high current density 100 mA cm‒2) and outstanding stabilities, which is superior to that of 
the benchmark Ir/C. The remarkable performance is attributed to the PO4 groups which reduce free 
energy barrier for OER at Fe and Co sites and increase mass/charge transfer arising from 
defects/dislocation in the PO4 induced mix-phase. As a full water splitting, we fabricated an electrolyzer 
with this hybrid catalyst in alkaline condition which afforded a current density of 10 mA cm−2 with 
~1.45 V in 1M KOH (~1.39 V in 6M KOH). This work demonstrates the potential of large-scale 
structure-engineering towards low-cost, earth-abundant and high-performance water splitting for 
energy applications.   
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Chapter 3 
Multicomponent electrocatalyst with ultralow Pt loading and high hydrogen 
evolution activity 
3.1. Abstract 
Platinum is the most effective electrocatalyst for the hydrogen evolution reaction in acidic 
solutions, but its high cost limits its wide application. Therefore, it is desirable to design catalysts that 
only require minimal amounts of Pt to function, but that are still highly active. Here we report hydrogen 
production in acidic water using a multicomponent catalyst with an ultralow Pt loading (1.4 μg per 
electrode area (cm2)) supported on melamine-derived graphitic tubes (GTs) that encapsulate a FeCo 
alloy and have Cu deposited on the inside tube walls. With a 1/80th Pt loading of a commercial 20% 
Pt/C catalyst, in 0.5 M H2SO4 the catalyst achieves a current density of 10 mA cm−2 at an overpotential 
of 18 mV, and shows a turnover frequency of 7.22 s−1 (96 times higher than that of the Pt/C catalyst) 
and long-term durability (10,000 cycles). We propose that a synergistic effect between the Pt clusters 
and single Pt atoms embedded in the GTs enhances the catalytic activity.  
3.2. Introduction  
Hydrogen has been considered as an alternative to fossil fuels because it could provide a clean 
renewable energy system without the associated emissions that arise from the combustion of coal, oil 
and natural gas.1 Among the various methods available, hydrogen production through acidic water 
electrolysis shows a much higher hydrogen purity (>99.995%), faster kinetics and a higher energy 
efficiency1-4 than that through alkaline water electrolysis.2-7 Pt has been the universal choice for the 
acidic hydrogen evolution reaction (HER), because Pt displays a much lower overpotential and higher 
current density than other materials.8-10 For cost efficiency, the development of non-precious 
materials11-15 has also been in progress, but yet Pt is still the universal choice. Also, milligram Pt 
loadings for a high HER activity are being developed,16-18 but an ~1μg loading for inexpensive and 
highly efficient hydrogen production has not yet been realized. Herein we adopt an atomic-scale 
engineering strategy for Pt-based catalysts with the controlled deposition of Cu, Fe and Co atoms 
onto/into graphitic tubes (GTs). This has led us to develop the HER catalyst in which GTs encapsulate 
FeCo alloy nanoparticles (NPs) with an ultrathin Cu layer inside the tube wall and have single Pt atoms 
embedded at the GT outer-layer and nanosized Pt clusters on the tube surface. The catalyst with only 
1.4μg of Pt (per electrode area (cm2)) loading is found to exhibit a superior HER activity with a very 
high turnover frequency (TOF) and both a small overpotential and stability.  
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3.3. Experimental Section 
3.3.1. Chemicals 
Melamine (99%), iron(iii) chloride (reagent grade, 97%), cobalt(ii) perchlorate hexahydrate, 
copper(i) chloride (reagent grade, 97 %), Nafon (5wt%) and perchloric acid were purchased from 
Sigma-Aldrich. Benchmark 20wt% Pt/C (commercial) catalyst and 20wt% Ir/C (commercial) were 
purchased from Johnson Matthey and Premetek, respectively. All the chemicals were of analytical grade 
and used as received without further purification, unless otherwise specified. 
3.3.2. Synthetic procedure of GT-1, GT-2, GT-3, GT-4 and GT-5 
In a typical synthesis, different weight ratios of the precursors (cobalt perchlorate hexahydrate: iron 
chloride: copper chloride) were used with 1.0 g of melamine. The precursor’s weight ratios for alloys 
1, 2 and 3 were 0.3:0.1:0.1 g, 0.1:0.2:0.1 g and 0.1:0.1:0.2 g, respectively. Then, all resulting mixtures 
were poured into 40 ml of distilled water and sonicated for 12 h to obtain the homogeneous mixture, 
dried at 70 °C and ground thoroughly. The ground powder was heated at 750 °C for 3 h with a 
temperature ramping rate of 5 °C min–1 in the presence of N2 atmosphere. Finally, the obtained products 
were immersed in 0.1M HClO4 for 12 h, filtered and washed with ethanol, and then dried at 70 °C. For 
the synthesis of GT-4 (0.3:0.1:0.0 g), the whole procedure was the same as that for GT-1 but in the 
absence of the copper precursor. For the synthesis of GT-5, the whole procedure was the same as that 
for GT-4, but the ratio was 0.1:0.2:0.0 g.  
3.3.3. Electrochemical Pt deposition 
The Pt loadings on the synthesized GT-1, GT-2, GT-3, GT-4, GT-5, carbon black and GT samples 
were carried out with a three-electrode system using a VSP instrument (Bio-Logic Science Instruments). 
The working electrode was a glassy carbon electrode (GCE, geometric area of 0.196 cm2). A Pt wire 
and SCE served as the counter and reference electrodes, respectively. The synthesized GT-n (n=1- 4) 
samples were attached to the GCE: 10 mg of each sample and 80 µl of 5 wt% Nafion solution were 
dispersed in 1120 µl of a water/ethanol (1:3 v/v) mixed solvent and sonicated for 30 min, and then 6.6 
µl of the homogeneous ink was dropped onto the GCE (0.28 mg cm–2). The dried hybrid catalysts/GCE 
were used as working electrodes. For the platinum source, 10 ml of a chloroplatinic acid aqueous 
solution (1mg ml–1) was poured into 60 ml of a 0.1M HClO4 electrolyte. The deposition process was 
carried out by 15 CV cycles with a voltage range from + 0.3 to -0.3 V (vs the reversible hydrogen 
electrode (RHE)) at a scan rate of 100 mVs–1 (Figure 3.1). During the Pt deposition by CV cycles, the 
Pt and hydrogen were attached cathodically first and then a few Pt atoms were dissolved anodically, 
which enabled Pt-size control.  
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Figure 3.1. Cyclic voltammetry (CV) for Pt deposition on the catalyst surface. The arrow represents 
the CV curve shifts with respect to Pt loadings. Scan rate 100 mV/s. Copyright 2018, Springer Nature. 
3.3.4. Electrochemical device fabrication 
Two separate electrodes were prepared to demonstrate the acidic water splitting. For the anode, a 
commercial 20 wt% Ir/C was coated on graphite paper (2 cm×2 cm) via a drop-casting method. The 
mass loading of the Ir/C catalyst was ~280 µg cm–2, which was controlled by selecting the proper 
amount of Ir/C catalyst ink by pipette. Catalyst inks were prepared by mixing 10 mg of Ir/C catalysts 
with 1120 µl of water/ethanol (1:3 v/v) and 80 µl of 5 wt% Nafion solution. The catalyst inks were 
sonicated in a hypersonicator for 60 min to make the homogeneous ink. For the cathode, the GT-1 
catalyst ink was coated on graphite paper (2 cm×2 cm) via the drop-casting method. Catalyst inks were 
prepared by a method similar to that for Ir/C. Then, 134.4 µl of the homogeneous ink was dropped and 
dispersed onto the graphite paper (0.28 mg cm–2). Pt was then electrodeposited on the GT-1/graphite 
substrate by 15 CV cycles. After that, both electrodes were dried in a vacuum oven and then integrated 
into a two-electrode set-up. 
3.3.5. Electrochemical testing 
The same three-electrode system was used for HER activity and durability measurements. For the 
HER, graphite rods were used instead of Pt wires as a counter electrode. The linear sweep 
voltammogram tests were performed at a scan rate of 2 mVs–1, which were measured in the range of 
0.1 to −0.6 V vs saturated calomel electrode (SCE) in H2-saturated 0.1M HClO4 electrolyte. The 
durability tests were carried out by repeating the potential scan from 0.1 to -0.5 V (vs SCE) at a sweep 
rate of 100 mVs–1 with 10,000 CV cycles. Chronoamperometric characterization was carried out in H2-
saturated 0.1M HClO4 solution at a potential of −0.402 V (vs SCE) for 6 h. The working electrode was 
rotated at 1500 revolutions per minute to remove the H2 bubbles produced at the surface of the catalyst. 
For the durability test, the catalyst on the working electrode was coated with a 0.2 wt% Nafion solution.  
All the potentials were determined with respect to RHE using the equation 3.1: 
																																				EሺRHEሻ ൌ EሺSCEሻ ൅ 0.241V ൅ 0.0591pH							(3.1) 
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The Tafel slopes were determined by fitting the linear portion of the plot starting from the onset 
potential (to the endpoint which does not significantly deviate from the slope line). The Tafel slopes 
were calculated by fitting to the Tafel equation 3.2: 
η ൌ b݆ log c																3.2 
j଴ ൌ eሺିଶ.ଷ଴ଷ	
ౙ
ౘሻ         3.3 
where b is the Tafel slope, j is the current density and c is the intercept relative to j0. The exchange 
current density (j0) value is calculated by the formula 3.3: 
The EIS measurements were performed over a frequency range of 1Hz to ~250 kHz at a 5 mV 
perturbation amplitude. Nyquist plots of the catalysts in 0.1M HClO4 solution were obtained at a 
potential of −0.301 V (vs SCE). The spectra were plotted after solution resistance subtraction.  
3.3.6. TOF calculation 
The TOF per metal (Pt-based) site in the Pt-GT-1 catalyst for the HER is calculated by the equation 
3.4: 
TOF ൌ Total	number	of	hydrogen	turnover	/geometric	area	ሺcm
ଶሻ	
Number	of	active	sites/	geometric	area	ሺcmଶሻ	 							ሺ3.4ሻ 
The total number of hydrogen turnovers was calculated from the current density using the formula:19-20 
Number	of	hydrogen	 ൌ ൬j mAcmଶ൰ቌ
1Cs
1000	mAቍ൬
1	mole	݁ି
96485.3C൰ ൬
1	mole	Hଶ
2	mole	eି	൰ ቆ
6.022	x	10ଶଷ	molecules	Hଶ	
1	mole	Hଶ ቇ 
 
																																																																															ൌ 3.12	x	10ଵହ ቀୌమ/ୱୡ୫మ ቁ 	per ቀ
୫୅
ୡ୫మቁ	        
 
The number of Pt metal ions was determined from the ICP-AES measurement (0.5 wt%). 
 
 Accordingly, the active site density based on bulk Pt is   
 
                 ቀ ଴.ହ	୫୥ଵ଴଴	୫୥ቁ x ቀ
଴.ଶ଼	୫୥
ୡ୫మ ቁ x ቀ
ଵ	୫୫୭୪ୣ
ଵଽହ.ଵ	୫୥ቁ x	6.022	x	10ଶ଴ ቀ
ୱ୧୲ୣୱ
୫୫୭୪ୣቁ ൌ 4.32	x	10ଵହ	sites/cmଶ 
 
At an overpotential of 0.066 V, the HER current density is 10 mA/cm2, and the Pt based TOF value of 
catalysts was calculated to be  
3.12	x	10ଵହ ൬Hଶ/scmଶ ൰ 	per ቀ
mA
cmଶቁ x	10 ቀ
mA
cmଶቁ
4.32	x	10ଵହ	sites/cmଶ ൌ 	7.22	s
ିଵ 
3.3.7. Characterization  
Field-emission SEM (FESEM) measurements were carried out on Nanonova 230 (FEI, USA). 
transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were performed on JEM-
2100F with an acceleration voltage of 200 kV. TEM samples were prepared by placing a drop of the 
colloidal solution on a carbon-coated nickel grid and dried overnight at room temperature. To observe 
single Pt atoms on the GTs, high-angle annular-dark-field scanning-TEM (HAADF–STEM) images 
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(taken through the GT surface) were obtained using a Cs (image)-corrected TEM (FEI Titan3 G2 60-
300). The HAADF, with a scattering intensity roughly proportional to Z2 in a Z-contrast image gives a 
strong bright signal for Pt (of high Z value), but not for C, N, Fe, Co and Cu (of low Z values). Thus, 
all the sub-nanometer-sized strong bright spots correspond to single Pt elements or Pt nanoclusters 
because such small bright spots can hardly come from C, N, Co, Fe and Cu. Then, if the surface is flat 
uniform graphene, the Pt images could be seen clearly. However, somewhat broad/smooth bright 
regions could appear due to the highly scattered electrons on rugged and non-uniform surfaces of thick 
carbon layers of the GT, which include N atoms and Pt atoms/clusters, in that the scattering electron 
intensity is proportional to the thickness of the sample or the number of element atoms as well as Z2. 
Here HAADF–STEM was performed from 80 to 200 kV at various imaging conditions to observe clear 
Pt atoms on the GT surface. The optimal signal-to-noise ratio of Pt atoms was achieved using a probe 
convergent semi-angle of 26.6 mrad, condenser aperture of 70 mm, spot size 8 and camera length of 
185 mm at 200 kV. Further electron energy loss spectroscopy (EELS) and Energy-dispersive X-ray 
spectroscopy (EDX) analyses were also made in STEM mode using a nanobeam. The Co, Fe and Cu 
elements are detectable in our EELS set-up, but they were not seen in our EELS measurements, which 
indicates their absence outside the GTs. The Pt elements were not observable from our EELS because 
the Pt energy-loss region is beyond our detection limit. The images of single Pt atoms and Pt clusters 
were clearly seen from HAADF–STEM, whereas the Pt clusters were confirmed from EDX. XRD 
measurements were performed on a D8 advance (Bruker). FT infrared spectroscopy (FT-IR) was 
measured on a 670-IR (Agilent) with an attenuated total reflection detector. Inductively coupled 
plasma–mass spectrometry (ICP–MS) was carried out on ELAN DRC-II (Perkin Elmer). X-ray 
photoelectron spectroscopy (XPS) was measured on K-alpha (Thermo Fisher). Confocal µ-Raman 
measurements were carried out on α300R (WITec). Brunauer–Emmett– Teller (BET) measurements 
were carried out on BELSORP-miniII (BEL Japan). X-ray absorption fine spectroscopy (EXAFS) data 
of the prepared catalysts were collected in the transmission mode using ionization detectors (Oxford) 
at the Pohang Accelerator Laboratory (PAL). The X-ray absorption spectra (XAS) for the Pt L edge, Fe 
K edge and Co K edge were acquired at room temperature using beamline 6D of PAL, where their X-
ray energies from the EXAFS analysis were calibrated with Pt foil, Fe foil and Co foil, respectively. 
Background subtraction, normalizing and FT were done by standard procedures with ATHENA 
program. The extracted EXAFS signal, χ(r) and k3χ(k) were analyzed for all three metals. The selected 
k ranges for Pt–GT-1, Pt foil and Pt–C in plotting the Pt L-edge graphs were 2.6‒9, 2.5‒18 and 3.0‒
12.6, respectively, and their selected r ranges were 1.8‒5.5, 1.6‒4.4 and 1.0‒3.2, respectively. In the 
case of both the Fe and Co K edges, the k ranges were selected from 2 to 12 and the r ranges were from 
1.7 to 2.8. The Artemis program was used for the EXAFS fitting.21 
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3.4. Results and Discussion 
3.4.1. Catalyst synthesis  
We synthesized GTs that encapsulate FeCo alloys with Cu deposited on the inner tube walls; then, 
hyperlow Pt loadings were deposited on the GT surfaces (Pt–GT–FeCo/Cu). First, to optimize the 
composition of the alloys, five different alloys n (n=1-5) were considered with weight ratios of FeCl3: 
Co(ClO4)2·6H2O: CuCl being 0.1:0.3:0.1 g for alloy 1, 0.2:0.1:0.1 g for alloy 2, 0.1:0.1:0.2 g for alloy 
3, 0.1:0.3:0.0 g for alloy 4 and 0.1:0.2:0.0 g for alloy 5. A mixture of melamine (1 g) with each FeCo/Cu 
alloy is used to form GT-n (n=1–5) through heating at 750 °C in N2 gas atmosphere, followed by acid, 
ethanol and deionized (DI) water treatments of the product to leach away any accessible debris or 
species (Figure 3.2a, Methods, Figs 3.3-3.6 and Table 3.1). Second, Pt is electrochemically deposited 
on the hybrid surfaces of GT-n to form Pt–GT-n by cyclic voltammetry (CV) using H2PtCl6·6H2O–
HClO4 as an electrolyte solution (Figures 3.1 and 3.2a) and the characterization made (Figure 3.2b-j). 
During the cyclic process, CV acts as an alternating redox process, which involves both deposition and 
dissolution processes, both critical to the formation of Pt particles (Pt2+ +2e–→Pt0) on the hybrid 
materials. GT-1 and Pt–GT-1 were found to have the optimized Fe:Co:Cu ratio as they exhibited the 
best catalytic activity for the HER at around 15 CV cycles in an acidic electrolyte (0.1M HClO4). 
Therefore, these hybrids are further discussed in detail (Charge transfer, H-adsorption free energy, and 
theoretical understanding of the catalytic activity sections). 
3.4.2. Scanning and transmission electron microscopy analysis 
GT-1 and Pt-GT-1: The SEM image (Figure 3.2b) shows that GTs are formed with NPs after heating 
the mixed powder sample. The TEM image reveals that GTs have bamboo-like structures with 
encapsulated NPs (Figure 3.2c). The GT diameters have a wide distribution, but most of them range 
from 50 to 300 nm with the outer GT layer thickness of ~5‒10 nm (Figure 3.2d). However, a significant 
amount of graphitic shells that comprised 1–3 layers are also present (Figure 3.2j). EDX elemental 
mapping indicates that the bamboo node-shape morphology composed of C and N is attributed to a 
polymerized carbon nitride formed after the melamine polymerization at 750 °C (Figure 3.3). The 
HRTEM images (Figure 3.2c, e) of the encapsulated alloy NPs reveal that the lattice spacing of the 
plane is 0.201nm, which agrees well with the spacing of the (110) planes of Fe3Co7 alloys (JCPDS 00-
050-0795), and is further confirmed by a Fourier transform (FT) of the extended X-ray absorption fine 
structure (FT-EXAFS) and X-ray diffractometer (XRD) analyses (Figure 3.15a). In addition, the 
HRTEM image of the encapsulated NP’s edge often shows the lattice plane with a spacing of 0.208 nm, 
which corresponds to that of the (100) plane of Cu without any Fe or Co (Figure 3.2 e). The line profiles 
for Co, Fe and Cu in the HAADF–STEM image (Figure 3.2f) show the population of each metal 
depending on position along the diameter. The stronger signal for Co than Fe indicates more Co atoms, 
and a faint Cu signal in the alloy reveals a tiny amount of Cu atoms, whereas a sharp thin peak signal 
for Cu on the inner wall of a GT indicates that the Cu NPs and/or layers are spread on some parts of the 
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inner tube wall, consistent with the HAADF–STEM, TEM and HRTEM images of Figure 1g–j. These 
thin Cu layers (which are highly conductive) play a role in the conduction enhancement (Table 3.2), 
because the absence of Cu is found to reduce the HER activity significantly. The HRTEM images show 
that the morphology of bamboo-like GTs is well maintained even after 15 CV cycles of Pt dosage on 
the leached products and the alloy NPs are inside GTs (Figure 3.2g-i). Pt NPs outside the GTs and 
Fe3Co7 NPs under the Cu layers inside the GTs are observed by HRTEM images (Figure 3.2h, i). The 
0.227, 0.208 and 0.336nm spacing’s observed in the HRTEM images of Pt–GT-1 correspond to Pt 
(111), Cu (100) and GT, respectively (Figure 3.2i). 
 
 
Figure 3.2. Synthetic procedure and physical characterization. (a) Synthetic procedure: (1) grind the 
sample of melamine, FeCl3, Co(ClO4)2·6H2O and CuCl, (2) heat, (3) leach with acid and wash with 
water and ethanol, and (4) load the Pt electrochemically. (b) SEM image of the leached sample of 
bamboo-node shaped GTs grown with the aid of the enclosed alloy NPs. (c) TEM images of a GT 
enclosing alloy NPs and HRTEM image of the alloy (corresponding to Fe3Co7 inside a GT. (d) TEM 
image of a cross section of a GT enclosing an alloy NP. (e) The HRTEM image shows the presence of 
Fe3Co7 and Cu inside the GT. (f) HAADF–STEM image and line scan profiles inside a GT of GT-1 (Cu 
peaks appear on the inside wall of the GT). (g) The HAADF image and individual element maps show 
a cross-section of the GT (inside of which a Fe3Co7 alloy NP is enclosed and Cu is spread on the inside 
wall) in the Pt–GT-1 catalyst. (h, i) TEM image of a Pt NP on a GT surface of Pt–GT-1 (h) and an 
enlarged HRTEM image (i) HRTEM images of one, two and three layers of GTs in Pt–GT-1 that are 
much less populated than multilayers. Copyright 2018 Springer Nature   
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Figure 3.3. TEM images, HAADF-STEM and TEM-EDX mappings of GT-1. (a) TEM image,              
(b) HRTEM image and (c) HAADF-STEM image and individual element maps of Fe, Co, Cu, N and 
C in a part of the GT-1 catalyst. Scale bar 50 nm. Copyright 2018, Springer Nature. 
GT-2 and GT-3: The SEM images display the tubular morphology of GT-2 and GT-3 samples (Figure 
3.4a, b). These large and small GTs have diameters in a range of 50 nm to 400 nm. The TEM images 
of the tubular morphology of GT-2 and the tubular with sheet-like structures of GT-3 samples exhibited 
that the metal particles of varying sizes were encapsulated in GTs which look like bamboo structure 
(Figures 3.5a, b and 3.6a, d). HRTEM image of individual NP in GT-2 shows that the lattice spacing of 
the planes is ~0.202 nm, matching well with the interplanar spacing of Fe7Co3 (110) planes (JCPDS 00-
048-1816; Figure 3.5b). According to line scans, the GT-2 hybrid exhibited a higher concentration of 
Fe atoms than Co and Cu atoms (Figure 3.5c, d). However, the concentration of Cu atoms is almost 
insignificant, indicating that Fe shows alloying with Co. The EDX mapping and HAADF-STEM image 
show the presence of Fe, Co, and Cu in GT-2, while most Cu atoms are the inside wall of GTs (Figure 
3.5e). The line scan profile of GT-3 exhibited high concentrations of Fe and Co atoms, much higher 
than that of Cu atoms (Figure 3.6b, c), because most of Cu atoms are on nanosheets/GTs. These 
observations are consistent with EDX mapping and HAADF-STEM images. The elemental EDX 
mapping image of metal particles showed the presence of Cu, Fe, and Co in GT3 hybrid in which Cu 
NPs/layers are spread over the inner and outer walls of GTs (Figure 3.6e, f). 
 
Figure 3.4. Plane-view SEM images. (a) GT-2 and (b) GT-3. Copyright 2018, Springer Nature. 
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Figure 3.5. TEM images, EDX line scan, HAADF-STEM and TEM-EDX analysis of GT-2.                    
(a, b) TEM, HRTEM images, and (c) STEM-HAADF image of GT-2. (d) line profiles image                    
(e) HAADF–STEM image element maps of Fe, Co, and Cu in a part of the GT-2 catalyst. Scale bar: 20 
nm. Copyright 2018, Springer Nature. 
 
Figure 3.6 TEM images, EDX line scan, HAADF-STEM, and TEM-EDX analysis of GT-3.                     
(a) TEM image and (b) STEM-HAADF image of GT-3. (c) Line profile of elemental compositions 
measured by EDX along the line shown on image (b) The line map curve shows the presence of Fe, Co 
and a trace amount of Cu atoms in a single NP inside the GT. (b) HRTEM image. (e) HAADF–STEM 
image element maps of the GT-3 catalyst. (f) Large area HAADF–STEM image and the total and 
individual element maps of C, Fe, Co, Cu, N, and O in a part of the GT-3 catalyst. Scale bar: 100 nm. 
Copyright 2018, Springer Nature. 
 
    
66 
 
Table 3.1. XPS composition analysis. Atomic percentage obtained from XPS analysis of catalysts. 
Copyright 2018, Springer Nature. 
Catalyst Fe (atomic %) Co (atomic %)) Cu (atomic %) 
GT-1 0.29 0.61 0.27 
GT-2 0.69 0.30 0.32 
GT-3 0.90 0.48 3.10 
 
Table 3.2. Electrical conductivity. Conductivity of Cu, Co, and Fe metals at 20 0C. Copyright 2018, 
Springer Nature. 
Metals Cu Co Fe 
Conductivity (S/m) 5.98 x 107 1.60 x 107 1.01 x 107 
 
3.4.3. X-ray absorption fine structure analysis 
X-ray absorption near edge structure (XANES) analyses were made for the hybrid materials, 
reference Pt foil and the Pt/C commercial catalyst (Figure 3.7). The EXAFS analysis shows a Pt–Pt 
contribution at a distance of 2.77 Å (Table 3.3). The coordination number (10.5), lower than that of 
bulk Pt (12.0), suggests small Pt NP or ultrathin layers. The significant peak at ~1.5 Å reflects Pt–N/C 
bond lengths that correspond to the calculated values of ~1.95 Å. The FT radial structure functions for 
Pt–GT-1 are explained with the EXAFS analysis (the corresponding atomic structure parameters are 
given in Tables 3.3 and 3.4).  
The oscillating phase in the k-space of Pt NPs from Pt–GT-1 is different from those observed from 
Pt foil and Pt/C (Figure 3.8).22 The FT-EXAFS spectra for Co, Fe and Cu K edges, before and after Pt 
loadings, display the intensity change in the EXAFS signals (Figure 3.9 and 3.10) due to the decrease 
of the metal coordination numbers, whereas the induced atomic relocation is caused by the minute 
dissolution of Co, Fe and Cu around the tube mouth during the electrochemical deposition of Pt. 
However, even these minutely dissoluted Co, Fe and Cu NPs outside the GTs are washed away in acid 
electrolytes, whereas the Co, Fe and Cu NPs inside the GTs are well preserved. 
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Figure 3.7. X-ray absorption spectra at the Pt L3 edge. (a) Normalized XANES spectra (a.u. arbitrary 
unit). (b) FT-EXAFS region for the local structure of Pt, which shows that the main Pt–Pt peak at 2.6 
Å for Pt foil (which corresponds to a Pt–Pt distance of 2.76 Å by fitting the data in Artemis) splits into 
2.3 and 2.9 Å for Pt–GT-1 (which corresponds to a Pt–Pt distance of 2.77 Å in Artemis), whereas the 
significant peak at ~1.5 Å reflects Pt–N/C bond lengths (~1.95 Å). (c) EXAFS χ(k) signals in k-space. 
(d–f) FT-EXAFS spectra in r-space and the corresponding least-squares fit (black solid line) for the 
first shell. The white-line intensity of the Pt L3 edge for Pt–GT-1 (inset in Figure 3.7a) closely resembles 
that for Pt foil23-25, which indicates the metallic state of the Pt species in Pt–GT-1. The Pt/C exhibits a 
relatively strong white-line intensity, which shows a significant degree of Pt oxidation26. The peak 
around ~1.58 Å in Pt/C reflects Pt bonded to light elements (Pt–C/O), whereas the double peaks between 
2 and 3 Å in all cases exhibit Pt–Pt scattering in the coordination sphere27. From the FT-EXAFS signals, 
the Pt–Pt bond distance for Pt–GT-1 closely resembles that for Pt foil, but the Pt intensity for Pt–GT-1 
is lower than that for Pt foil, which indicates an increased disorder in the Pt–Pt bond length, but with 
the metallic Pt feature still maintained. Copyright 2018, Springer Nature.  
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Figure 3.8. EXAFS χ(k) signals of Pt-GT-1, Pt foil and Pt/C. (a-c) EXAFS χ(k) signals in k-space and 
the corresponding least-squares fit (black solid line) for 1st shell. Copyright 2018, Springer Nature. 
 
 
 
Figure 3.9. X-ray absorption studies of GT-1. (a, c) Fourier transform of the EXAFS spectra in r-space 
and the corresponding first-shell least-squares fit (black solid line) for the Co and Fe. (b, d) EXAFS 
χ(k) signals in k-space and the corresponding 1st shell least-squares fit (black solid line) for the Co and 
Fe. Fitted spectra using Fe3Co7 model confirmed the formation of Fe3Co7 alloy in GT-1. Copyright 
2018, Springer Nature.  
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Table 3.3. Curve-fitting analysis for the Pt L3-edge EXAFS of Pt-GT-1: Pt L3-edge EXAFS curve fitting 
parameters (R: Bond distance, CN: Coordination numbers, σ2: Debye–Waller factor). Copyright 2018, 
Springer Nature.  
Sample Path R(Å) CN (atoms) σ2 (Å2) 
Pt-GT-1 Pt-Pt Pt-Pt 
2.77 
3.86 
10.54 
4.32 
0.0054 
0.0029 
Pt-Foil Pt-Pt Pt-O 
2.76 
3.91 
12.0 
6.0 
0.0050 
0.0070 
Pt-C Pt-O Pt-Pt 
1.99 
2.75 
1.58 
5.11 
0.0057 
0.0064 
 
 
Figure 3.10. X-ray absorption studies of Pt-GT-1 and GT-1: (a-c) X-ray absorption near-edge structure 
(XANES) spectra at Co K-, Fe K-, and Cu K-edges. (d-f) Fourier transform of the EXAFS spectra in 
real space at Co K-, Fe K-, and Cu K-edges. (g-i) EXAFS χ(k) signals Co K-, Fe K-, and Cu K-edges. 
Copyright 2018, Springer Nature.  
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Table 3.4. Curve-fitting analysis for Fe and Co K-edge EXAFS of Pt-GT-1: Fe and Co K-edge EXAFS 
curve fitting parameters (R: Bond distance, CN: Coordination numbers, σ2: Debye–Waller factor). 
Copyright 2018, Springer Nature. 
Sample Path R(Å) CN (atoms) σ2 (Å2) 
Pt-GT-1 
Co-Co 
Co-Co 
Co-Fe 
2.45 
2.78 
2.52 
4.12 
5.17 
2.22 
0.0028 
0.0032 
0.0032 
Fe-Co 
Fe-Co 
Fe-Fe 
2.45 
2.81 
2.88 
5.60 
1.00 
4.60 
0.0049 
0.0030 
0.0037 
 
3.4.4. X-ray photoelectron spectroscopy analysis  
The XPS chemical composition analysis of the GT-1, GT-2, and GT-3 samples further indicates 
the presence of metal alloys inside GTs (Table 3.1). It is suggested that the different atomic 
concentrations of components are present in all samples. The GT-2 hybrid indicates the presence of a 
large amount of Fe atoms. Similarly, larger amounts of Co and Cu atoms exist in GT-1 and GT-3 hybrid 
catalysts. 
XPS core-level spectra of GT-1/2/3: The core-level XPS spectra of C 1s is deconvoluted into three 
pairs of individual peaks at 284.8, 285.7, and 286.6 eV28-29 (Figure 3.11a). The sharp peak at 284.8 eV 
is attributed to graphitic carbon adsorbed on the surface. Peaks at 285.7 and 286.6 eV are attributed to 
the presence of C–O bonds28, and C≡N bonds (originated from gC3N4)28. The core-level Fe 2p spectra 
is deconvoluted into six peaks at 707.9, 711.4, 714.4, 721.1, 724.8, and 732.8 eV. The two major peaks 
at 714.4 and 732.8 eV are attributed to Fe with high valence state, called as Fe-Nx species30 (Figure 
3.1b). Meanwhile, two characteristic peaks located at 711.4 and 724.8 eV are ascribed to shake-up 
satellites30 (Figure 3.1b). Additionally, the two peaks centered at 707.9 and 721.1 eV are attributed to 
metallic iron.30-31 Similarly, Co 2p XPS spectrum shows that the Co 2p spectrum splits into six peaks at 
779.3, 781.5, 785.2, 793.0, 795.7, and 802.5 eV. The two peaks at around 779.3 and 793.0 eV are in 
accordance with Co metal peaks30, 32 (Figure 3.11c). The other two peaks at 785.2, and 802.5 eV are 
attributed to shake-up satellites30, 32 (Figure 3.11c). The two peaks located at 781.5 and 795.7 eV 
correspond to ionic state30, 32 arising from Co-Nx species (Figure 3.11c). It is clear that metallic Fe/Co 
and Fe-Nx/Co-Nx signals appeared in the Fe 2p and Co 2p spectra, respectively. However, the XRD 
spectrum showed no peak from metal oxides. Overall, the observed signals for Fe-Nx/Co-Nx arise from 
the unique host–guest electronic interaction between the inner metal/alloy cores and outer graphitic 
carbon shells. On the other hand, the Cu 2p core-level XPS peak is composed of four peaks at around 
932.8, 934.9, 952.7 and 954.4 eV (Figure 3.11d). The two major peaks at 932.8 and 934.9 eV are 
attributed to metallic copper (Cu0)33-34 and oxidized Cu 2p3/2 (Cu2+), respectively. There are two other 
peaks of Cu 2p1/2 and Cu 2p3/2 centered at 952.7 and 954.4 eV, respectively. Usually, monometallic Cu 
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is oxidized to Cu2+; however, the absence of shake-up satellite peak for Cu2+ suggests that metallic Cu 
is spread over the Fe3Co7 alloy surface. The core-level XPS spectra of N 1s peaks are divided into two 
components: pyridinic-N (398.9 eV) and graphitic-N (401.2 eV) (Figure 3.11e). The peaks in core-level 
XPS spectra of C, N, Fe, Co and Cu in GT-2 and GT-3 are almost similar to that of GT-1 (figures 3.12 
and 3.13)  
XPS core-level spectra of Pt-GT-1: The core-level XPS spectra of C 1s are deconvoluted into 
two/three pairs of individual peaks at 284.6, 285.5, 286.8, 291.5 and 292.2 eV, respectively28-29 (Figure 
3.14a). The sharp peak at 284.6 eV is attributed to graphitic carbon adsorbed on the surface. Peaks at 
285.5 and 286.6 eV are attributed to the presence of C– O bonds, C≡N bonds (originated from g-C3N4).28 
The characteristic peaks of C–F at 291.5 eV, and C–F2 at 292.2 eV correspond to the chemical structure 
of Nafion. The core-level XPS spectrum of Pt 4f fits into two peaks: Pt 4f7/2 (~71.4 eV) and 4f5/2 (~74.6 
eV), reflecting the metallic Pt characteristics (Figure 3.14b). The peaks in core-level XPS spectra of Fe, 
Co, Cu and N in Pt-GT-1 are almost similar to that of GT-1 (figures 3.14c-e)  
  
 
Figure 3.11. X-ray photoelectron spectroscopy analysis (XPS) of GT-1. The core-level XPS spectra for 
constituent elements: (a) C 1s, (b) Fe 2p, (c) Co 2p, (d) Cu 2p, (e) N 1s (AU = arbitrary units). Copyright 
2018, Springer Nature.  
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Figure 3.12. The core-level XPS spectra for constituent elements in GT-2. (a) C 1s, (b) Fe 2p, (c) Co 
2p, (d) Cu 2p, (e) N 1s (AU = arbitrary units). Copyright 2018, Springer Nature. 
 
 
Figure 3.13. XPS of GT-3 The core-level XPS spectra for constituent elements in GT-3. (a) C 1s,         
(b) Fe 2p, (c) Co 2p, (d) Cu 2p, and (e) N 1s (a.u. = arbitrary units). Copyright 2018, Springer Nature. 
 
282 285 288 291
 Response
 Fitting
In
te
ns
ity
 (A
U
)
Binding energy (eV)
395 400 405 410
 Response
 Fitting
Binding energy (eV)
In
te
ns
ity
 (A
U
)
930 940 950 960
 Response
 Fitting
Binding energy (eV)
In
te
ns
ity
 (A
U
)
C 1s
a
284.5
285.8
Cu 2p N 1s
954.7
932.7
952.7
934.8 944.2
941.4
400.8
398.5
d e
700 710 720 730 740
Binding energy (eV)
 Response
 Fitting
In
te
ns
ity
 (A
U
)
Fe 2p
b
720.2
780 790 800
In
te
ns
ity
 (A
U
)
Binding energy (eV)
 Response
 Fitting
Co 2p
c
785.5 803.2
796.0
793.9
732.8
714.8
723.9
395 400 405
 Response
 Fitting
In
te
ns
ity
 (A
U
)
Binding energy (eV)
930 940 950 960
In
te
ns
ity
 (A
U
)
 Response
 Fitting
Binding energy (eV)
280 284 288 292
Binding energy (eV)
In
te
ns
ity
 (A
U
)  Response
 Fitting
C 1s
Cu 2p N 1s
a
d e
284.6 286.1
288.6
400.9
398.6
402.8
954.9
943.5
953.4941.2
933.3
934.8
700 710 720 730 740
In
te
ns
ity
 (A
U
)
Binding energy (eV)
 Response
 Fitting
Fe 2p
b
724.2
780 790 800
In
te
ns
ity
 (A
U
)
Binding energy (eV)
 Response
 Fitting
Co 2p
c
803.0
793.8
796.2
785.5
77
9.
4
732.3
70
7.
4
720.4
    
73 
 
 
 
Figure 3.14. XPS spectra of Pt-GT-1. The core-level XPS spectra for constituent elements: (a) C 1s, 
(b) Pt 4f, (c) Fe 2p, (d) Co 2p, (e) Cu 2p, (f) N 1. Copyright 2018, Springer Nature.  
3.4.5. XRD analysis for GT-1/2/3 
The characterization of XRD shows the structural pattern of GT-1/2/3 samples (Figure 3.15a). 
Generally, the wide, weak and sharp diffraction peaks at 2θ = 26.3o are attributed to the (002) plane of 
crystalline graphite peak and correspond to an interlayer spacing of about 0.34 nm.35-36 Sharp peak 
intensity for GT-1, GT-2 and GT-3 indicates a higher graphitization degree. Crystalline metallic phases 
of Fe, Co, and Cu can be found in all the samples (Figure 3.15a). The XRD pattern of GT-3 hybrid 
shows strong Cu peaks, indicating the formation of a non-alloyed state, which is confirmed by TEM-
EDX mapping. The XRD results also showed the copper oxide signal, indicating that a significant 
amount of copper is deposited on the surface of GT-3. On the other hand, Fe and Co in all samples show 
the FeCo alloys peaks, suggesting the formation of metallic character of the pure FeCo alloys (without 
any metal oxide signal), which provides strong evidence that these NPs are encapsulated inside the GTs. 
Furthermore, Fe and Co in GT-1 indicates the presence of Fe3Co7 alloys, consistent with HRTERM 
lattice spacing and fitted Fourier transform EXAFS spectra (Figure 3.9). Similarly, GT-2 exhibits the 
formation of Fe7Co3 alloys. [Note: We also carried out the XRD analysis of Pt-GT-1 to Pt-GT-5, but a 
tiny amount of Pt gave no significant change in XRD patterns. Thus, these XRD spectra are not reported 
here]. 
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3.4.6. Raman spectroscopy analysis 
Raman spectroscopy is a direct and non-destructive technique for investigating defects and 
ordered/disordered structures of carbon, which we used for the study of the graphitized structure of GT. 
The GT-1, GT-2, and GT-3 samples exhibit a strong D-band (~1350 cm-1) and G-band (~1585 cm-1) 
corresponding to the disorder-induced phonon mode and the graphitized structure, respectively (Figure 
3.15b). The wide and weak 2D band peak at 2685 cm-1 is used to confirm the presence of graphene-like 
sheets and it originates from a double resonance process that links phonons to the electronic band 
structure (Figure 3.15b).    
3.4.7. FT-IR analysis 
FT-IR was used to characterize the functional groups in the GT-1, GT-2, and GT-3 samples (Figure 
3.15c). For the spectrum of all samples, the band covering the range of 3700-3300 and 2930 cm-1 
corresponds to the O-H and C-H stretching, respectively. The FTIR spectra of all samples with main 
peaks at 1200 cm−1 is attributed to the C-OH bonds, while the absorption band at 1560 cm−1 is assigned 
to C=C bonds associated with the skeletal vibration of the graphitic sheets. FTIR absorption bands 
demonstrate the presence of graphitized structure in all samples, which is consistent with XRD spectra.  
 
 
Figure 3.15. XRD, Raman, and FTIR analysis of GT-1, GT-2 and GT-3 at room temperature. (a) XRD. 
(b) Raman spectra. (c) FTIR spectra. Copyright 2018, Springer Nature.  
3.4.8. BET surface area analysis 
The Brunnauer-Emmett-Teller (BET) surface areas for GT-1, GT-2, and GT-3 samples are 219.8, 
286.2, and 193.6 m2 g–1, respectively (Figure 3.16). The change in surface area of GT-2 samples is due 
to the large size and diameter of GTs. However, in the case of GT-3 sample, most of surface area is 
covered by Cu particles coated on graphitic sheets and tubes, which reduce the surface area of hybrid. 
The general pattern of the N2 sorption isotherms for GT-1, GT-2, and GT-3 samples indicates the 
existence of different pore sizes varying from micropores to mesopores (Figure 3.16). At low relative 
pressure area (P/P0 < 0.1), these sample curves showed a drastic uptake, suggesting the presence of 
micropores. On the other hand, all samples exhibited the existence of mesopores, which is very useful 
for facile movement of electrolytes during HER measurements. The Barrett–Joyner–Halenda (BJH) 
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average pore size diameters of GT-1, GT-2, and GT-3 samples (Figure 3.16) derived from N2 
adsorption show peaks around ~3.9, ~3.79, and ~4 nm, respectively, which are critical for HER activity.   
 
 
Figure 3.16. BET surface area. (a-c) Nitrogen adsorption–desorption isotherms of the as-prepared three 
samples. The inset in each figure represents the pore size distribution of each catalyst. Copyright 2018, 
Springer Nature. 
 
3.4.9. Electrochemical analysis  
A three-electrode system was used to evaluate the electrocatalytic HER activities of the hybrid 
catalysts in an acid electrolyte (Figure 3.17a-d). Among the designed catalysts, GT-1 shows the lowest 
overpotential and highest current density in the whole potential region (Figure 3.17a). Although we can 
consider three types of GTs (pristine GT (GTo), N-doped GT (GTN) and pyridinic-N-doped GT (GTp)), 
GTp is expected to be the dominant species because GTs are formed from melamine. Indeed, the XPS 
shows that the strong peak corresponds to GTp, a moderate peak to GTN and a very weak peak to GTo 
(Figure 3.11-3.13). Furthermore, GTp is found to give a much more favourable chemical activity than 
the other two. It is because the bamboo-shaped N-doped GT (6 Ω) is highly conductive with a very 
small resistance (much smaller than pristine single-wall carbon-nanotube (10 Ω) and the nodes 
(diaphragms) between two internodes are very thin with a few-layer thickness of the GTp. Hereafter, 
GTp is simply denoted as GT.  
The loading of Pt on the surface of GT-1 is analyzed by ICP–MS, which shows that in Pt–GT-1 
the loading of Pt is ~0.5 wt% (average of triplicate readings of three samples; Pt amount =1.40 ± 0.07 
μgcm−2) (Figure 3.17e). This tiny amount of Pt is deposited on the GT surface by the CV 
electrodeposition of Pt4+ cations from H2PtCl6·6H2O–HClO4. As the Pt loading increases, the current 
density increases slowly towards the saturation value, but TOF decreases rapidly (Table 3.5). Then, the 
Tafel slope is minimized to 24 mV dec–1 at 15 CV cycles of Pt deposition on the catalytic surface (Figure 
3.18). As Pt–GT-1 is the case that has the optimized Pt loading, adding more Pt by electrodeposition 
gives a significantly reduced catalytic activity in terms of TOF with an increased Tafel slope.  
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The catalytic activity for the HER was determined in an acidic electrolyte. Pt–GT-1 displays zero 
onset potential within the experimental limit (Figure 3.17b), a Tafel slope of 24 mV dec−1 (Figure 3.17 
c), an exchange current density of 1.14 mA cm−2, a high TOF (7.22 s–1) and a very low overpotential 
(18 mV in 0.5 M H2SO4 and 66 mV in 0.1M HClO4 for a scan rate of 2 mV s–1) at 10 mA cm−2 (Figure 
3.17 b, Figure 3.19 a, c). To the best of our knowledge, Pt–GT-1 shows higher activity than previously 
reported carbon-based metal and metal oxide electrocatalysts under similar conditions with the very 
small Tafel slope attributed to the rapid desorption of two hydrogen atoms to form H2 gas.37 According 
to the Butler–Volmer equation, H+ discharges as an adsorbed hydrogen intermediate (Hads) by coupling 
with an electron on the catalytic surface (the Volmer reaction,* + H+aq + e− → H*ads), where * denotes a 
catalytic active site, and then the reaction proceeds by a Tafel reaction (2H*ads → H2 + 2*).37-39  
The HER polarization curves of Pt–GT-1 display a minimal negative shift (0.028 V) after a 10,000 
cycling test, which shows long term durability (Figure 3.17d). This electrocatalyst shows excellent 
stability in acid media with very slow attenuation for six hours at − 0.402 V versus SCE (Figure 3.17 
g). Microscopy indicates that the surface texture and morphology of Pt–GT-1 remain intact after the 
stability test (Figure 3.20). The ICP–MS composition analysis does not exhibit substantial changes of 
Pt, Fe, Co and Cu (Figure 3.17e), which indicates that the FeCo/Cu components inside the GTs are well 
preserved. In contrast, all the FeCo/Cu components outside the GTs of Pt–GT-1 were already washed 
out in the synthesis process of electrodeposition of Pt into GT-1 in acid electrolyte, as evidenced from 
the HRTEM image of Pt–GT-1 (Figure 3.2g-i).   
To demonstrate the scalability of the electrochemical device for industrial applications, we 
fabricated a two-electrode device by coating Pt–GT-1 and 20 wt% Ir/C on graphite and using them as 
the cathode and anode, respectively. The electrochemical device shows water splitting to produce 
hydrogen (cathode) and oxygen (anode) gases; a current density of 10 mA cm−2 was obtained at 1.69 
V, which is 60 mV lower than that of commercial catalysts (1.75 V for 20 wt% Pt/Ir). The minimal 
voltage required to split water is only 1.5 V in acidic water for this set-up with a 1.4 μ g loading of Pt 
at the cathode (Figure 3.17f).  
To examine the electrochemical oxygen evolution reaction (OER) catalytic activity, Ir/C 
benchmark ink was drop-casted onto GCE electrode. The as-prepared working electrode was tested in 
0.1 M HClO4 solution. Ir/C shows an OER process with an onset potential of 1.47 V and the benchmark 
current density (10 mA cm−2) potential of Ir/C is ~1.62 V, which is responsible for increase in potential 
for overall water splitting (Figure 3.19b). 
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Figure 3.17.  Electrochemical performance and demonstration of water-splitting device.                          
(a, b) Polarization curves in the absence (a) and presence (b) of Pt loadings on electrocatalysts and in 
commercial high Pt (H–Pt)/C in 0.1M HClO4 at a scan rate of 2 mV s–1. (c) Tafel plots. (d) Polarization 
curves before and after 10,000 CV scans. (e) ICP–AES analysis of the Pt–GT-1 electrocatalysts before 
(1) and after (2) 10,000 cycle stability tests (error bars denote s.d. based on three independent 
experiments). (f) The optical photograph of acidic water splitting at 1.5 V shows the oxygen and 
hydrogen bubble generation. Inset: close up of the electrodes. (g, h) Chronoamperometric response of 
the Pt–GT-1 electrocatalyst at an applied potential of − 0.402 V vs SCE. The fluctuation of current 
density (j) is observed due to continuous growth and the release of hydrogen bubbles at catalysts 
surfaces, as shown in the photograph in h. Copyright 2018, Springer Nature.  
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Figure 3.18. Different cyclic voltammetry (CV) cycles for Pt deposition on the catalyst surface for 
hydrogen evolution reaction (HER) test. (a) Scan rate 100 mV/s. The linear sweep voltammetry results 
show that the HER activity is only slightly changed after 15 cycles. (b-e) Tafel slopes for the materials 
after 10, 15, 20, and 25 CV cycles of Pt deposition on GT-1. Copyright 2018, Springer Nature.  
 
 
Figure 3.19. Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) activities.        
(a) Comparison of HER activities; H-Pt/C and L-Pt/C represent high and low amount of Pt loadings on 
working electrode (CB = carbon black; CNTs = carbon nanotubes). (b) OER activity of Ir/C in half cell 
test, which is used for electrochemical device fabrication. Copyright 2018, Springer Nature.  
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Figure 3.20. HRTEM image and lattice spacing analysis after durability tests (10000 CV cycles) of the 
Pt-GT-1 catalyst. (a) HRTEM image and (b) intensity profile used to measure the interplanar distances 
corresponding to (111) which show the presence of Pt particles. Copyright 2018, Springer Nature.  
 
Table 3.5. Compositional change (Pt versus GT-1 alloys): The effect of current density and turnover 
frequency (TOF) at 66 mV overpotential. Copyright 2018, Springer Nature. 
Catalyst Pt amount (wt.%) j (mA/cm2) TOF (s-1) 
10 ~ 0.28 6.73 8.70 
15 ~ 0.50 10.0 7.22 
20 ~ 2.20 10.95 1.78 
25 ~ 3.60 12.35 1.24 
 
3.4.10. Atomistic characterization 
Pt–GT-1 gives a 96 times better activity (for TOF) than Pt/C, which implies the existence of active 
sites better than or compatible with a Pt (111) surface. Noting that many defect sites are present on the 
GT surface, we theoretically investigated pyridinic NnC4–n/GT defect sites in which a Pt cation can be 
readily embedded in the center of the planar tetragonal structure with large binding energy. The HER 
activity was evaluated using density functional theory (DFT), based on a standard approach. We studied 
the Gibbs free energies (ΔGH*) for hydrogen adsorption/desorption for various active sites of Pt–GT-1, 
including the possible formation of Pt clusters/NPs in the defect sites of a GT. In particular, the 
formation of defect sites in a GT and single Pt atoms embedded in the defect sites of the GT and these 
populations were investigated based on their formation energies and Pt-clustering energies. The 
formation energies calculation predicted that during the synthesis of GT, the defect sites with N3C1, 
N2C2, N4, in conjunction with N2C1 and N3 structures are formed easily in harsh acidic solution due to 
its small formation energy (ΔE < 2 eV), and single Pt atoms and some small Pt clusters can be readily 
captured in such defect sites, which was clearly elucidated from aberration‐corrected TEM analysis. 
The DFT calculation demonstrated that the atomic Pt–N2C2 sites have very low ΔGH* (0.04 eV) 
compared to Pt (111) surface, which strongly supported the experimental results that the HER reaction 
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at Pt–GT‐1 should be far better than Pt (111) surface (the detailed theoretical calculations, figure and 
their description are available from our published Nature energy paper “Nature Energy, 2018, 3, 773–
782”). 
Our theoretical prediction led us to search successfully for single Pt atoms embedded in a GT using 
aberration-corrected TEM equipped with an ultrafine probe. Indeed, figure 3.21a-c shows the HAADF–
STEM image of numerous single Pt atoms embedded at surface defects and few Pt clusters on the 
surface (Methods), an EDX image of a ~2 nm-sized Pt cluster with single Pt atoms around it and the 
EELS spectra of C and N on surface plane.  
 
Figure 3.21. Images of single Pt atoms and Pt clusters/NPs on a GT surface. (a) The HAADF–STEM 
image (taken through the GT surface) displays the information of the Z contrast (which is roughly 
proportional to Z 2, where Z is the atomic number), which shows many single (0.1–0.2 nm in size) Pt 
atoms embedded at the GT surface and few (1–2 nm in size) Pt clusters on the GT surface. (b) The EDX 
maps show small Pt particles, which proves that the 0.1–0.2 nm-sized particles with a bright colour are 
single Pt atoms in the STEM image. Scale bars, 1 nm. (c) The EELS spectra for a region that comprises 
several single Pt atoms indicate that an N edge arises among graphitic matrix and the split π*–σ* N 
edge reflects planar Pt–N–C bonds on the GT surface. Co, Fe and Cu particles on the GT surface are 
not seen in EELS, which excludes galvanic displacements of FeCo/Cu for the possible Pt 3d skin–alloy 
effects, as evidenced also from EXAFS (Figures 3.8 and 3.9). Copyright 2018, Springer Nature. 
3.5. Conclusion  
In summary, we have demonstrated that an atomic-scale engineered electrocatalyst, with 
melamine-derived GTs that encapsulate an alloy (Fe3Co7) and have Cu layers deposited on the inner 
tube walls and a hyperlow loaded Pt on the GT surface exhibit a high HER activity with a large exchange 
current density and high TOF with a low overpotential. This striking activity is ascribed to the intriguing 
geometric/electronic structure of the catalyst, which brings together a near-zero value of ΔGH* and a 
rapid charge-transfer process to promote the hydrogen/proton adsorption and to lower the kinetic energy 
barrier via a minimal Pt incorporation. We suggest that this is caused by the synergistic conductivity-
enhancement effect between the single Pt atoms embedded in the pyridinic N2C2 defect sites of the GT 
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and the Pt nanoclusters, as well as the high conductivity of N-doped GTs that encapsulate FeCo/Cu. 
The long-term durability (stable over 10,000 CV cycles) of Pt-GT-1 in acid media is attributed to the 
high stability of the GTs that encapsulate FeCo/Cu and the high stability of single Pt atoms embedded 
in the planar tetragonal defect sites of the GT. 
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Chapter 4 
Highly efficient oxygen reduction reaction activity of graphitic tube 
encapsulating nitrided CoxFey alloy 
4.1. Abstract 
Nonprecious metals are promising catalysts to avoid the sluggish oxygen reduction reaction (ORR) 
in next-generation regenerative fuel cells or metal-air batteries. Therefore, the development of 
nonprecious metal catalysts for ORR is highly desirable. Herein, precise tuning of the atomic ratio of 
Fe and Co encapsulated in melamine-derived nitrogen-rich graphitic tube (NGT) is reported. The 
Co1.08Fe3.34 hybrids with metal-nitrogen bonds (7@NGT: Co1.08Fe3.34@NGT) shows remarkable ORR 
catalytic activities (80 mV higher in onset potential and 50 mV higher in half-wave potential than those 
of state-of-the-art commercial Pt/C catalysts), high current density, and stability. In acidic solution, 
7@NGT also shows compatible performance to commercial Pt/C in terms of ORR activity, current 
density, stability, and methanol tolerance. The high ORR activity is ascribed to the co-existence of Fe-
N, Co-N, and sufficient metallic FeCo alloys which favor faster electron movement and better 
adsorption of oxygen molecules on the catalyst surface. In the alkaline anion exchange membrane fuel 
cell setup, this cell delivers the power density of 117 mW cm−2, demonstrating its potential use for 
energy conversion and storage applications.   
4.2. Introduction  
Oxygen reduction reaction (ORR) activity and durability of fuel cells have gained continuous 
attention for possible replacement of platinum by nonprecious metal catalysts (e.g., Fe, Co, Ni, and 
Mn).1-4 The proton exchange membrane fuel cells heavily rely on platinum-based catalysts which have 
precluded their widespread utilization.5-7 To overcome this obstacle, alkaline anion exchange membrane 
fuel cells (AAEMFC) were proposed and intensively investigated in the last few years.8-10 By switching 
from acidic to alkaline electrolyte, it is possible to use nonprecious metal catalysts for the cathode 
reaction which requires a large amount of Pt in acid.11-13 However, the sluggish ORR kinetics at the 
cathode is considered as a major reason for the decrease in efficiency of the next-generation 
electrochemical energy-conversion devices. The nonprecious metal-containing N/C catalysts seem to 
be more suitable due to easy fabrication, high catalytic activity, and high stability in alkaline solution, 
as well as their competition with the state-of-the-art commercial Pt/C.14-15 In this regard, several 
approaches have been made to enhance the ORR efficiency better than the commercial; however, their 
ORR activity performance in either acid or alkaline electrolytic condition remains a critical issue. 16-18  
More recently, bimetallic-based ORR electrocatalysts have been explored due to their higher 
activity and durability than single metal-based catalysts.19-21 However, the exploration of simple and 
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effective technique for tuning catalysts based on nonprecious metals and the understanding of their 
fundamental reasons for the ORR catalytic activity remain challenging tasks.     
Here, for the first time, we show the remarkably enhanced ORR catalytic activity in basic 
electrolytes by atomic modulation of Fe and Co inside the nitrogen-rich graphitic tube. Impressively, 
the optimized catalyst (7@NGT: Co1.08Fe3.34@NGT, where subscripts 1.08 and 3.34 denote the atomic 
percentage) exhibits predominant catalytic activity and durability, featuring, excellent onset potential 
(1.03 V), superb half-wave potential (0.94 V at 3 mA cm−2), and small Tafel slope (44 mV dec−1) for 
ORR in basic solutions, which significantly surpass those of precious metal benchmark (20 wt% Pt/C) 
catalyst. In acidic solution, 7@NGT also shows compatible performance to that of Pt/C and remarkable 
stability and methanol tolerance. During 10 h durability tests, the commercial Pt/C shows loss of more 
than 60% of their current density, while 7@NGT retained the constant current density under similar 
experimental conditions. The high activity and stability of this catalyst originate from nitriding (i.e., the 
heating process that diffuses nitrogen onto the metal surface which often creates surface hardening and 
corrosion resistance) and encapsulation in the graphitic shell, which facilitates the exposure of active 
sites and electronic transfer/mass transport. 
4.3. Experimental Section 
4.3.1. Chemicals 
Melamine (99%), cobalt(II) perchlorate hexahydrate, iron(III) chloride (reagent grade, 97%), 
potassium hydroxide, and Nafion (5 wt%) were purchased from Sigma-Aldrich. Commercial 20 wt% 
Pt/C was obtained from Johnson Matthey. All the chemicals were analytical grade and used as received 
without further purification.  
4.3.2. Synthetic procedure  
For the synthesis of Co1.08Fe3.34@NGT (denoted as 7@NGT), the different weight ratios of iron 
chloride and cobalt perchlorate hexahydrate were used with 2.2 g of melamine (Table 4.1). In the 
synthesis procedure, the starting materials were first well ground, then dispersed in 80 mL of deionized 
water and sonicated for 15 h to attain the homogeneous mixture. The obtained mixture was dried at 80 
°C and then ground to fine powder. The fine powder was calcined at 750 °C for 4 h under an argon 
atmosphere with a heating ramping rate of 5 °C min−1. To remove unreacted or debris materials, the 
calcined product was leached in 0.1M HClO4, then filtered and thoroughly washed with ethanol and 
deionized water, and finally dried under vacuum at 70 °C. 
4.3.3. Optimization of Fe and Co weight ratio in CoxFey@NGT catalyst 
We also synthesized a series of CoxFey@NGT catalyst by changing the weight ratio of Fe and Co 
in CoxFey alloy. Initially, we studied the effect of Fe and Co weight ratio and their total weight amount 
in CoxFey alloy (Table 4.1-4.2, Catalyst 1@NGT to 6@NGT), and found that the ORR activity increased 
with the increase in Fe concentration of CoxFey alloy (Figure 4.11a). The catalyst having Fe (0.7 g) and 
Co (0.35 g) is better in ORR activity than other synthesized catalysts (Table 4.1-4.2 and Figure 4.11a). 
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Then, keeping the constant weight ratio of Fe (0.7 g), we again make a series of CoxFey@NGT catalyst 
by changing the weight ratio of cobalt in CoxFey alloy (Table 4.1-4.2), Catalyst 5@NGT, 7@NGT and 
8@NGT). The CoxFey@NGT catalyst having Fe (0.7 g) and Co (0.45 g) is better in ORR activity than 
other catalysts as well as commercial Pt/C (Figure 4.11b and c). We also synthesized Fe@NGT (Fe 0.7 
g), Co @NGT (Co 0.7 g) and CoxFey@G (in this catalyst 150 mg graphene oxide was used instead of 
melamine, while the Fe and Co amount is same as in 7@NGT), and found that the ORR activity of 
Fe@NGT is greater than that of Co@NGT, but lesser than that of 7@NGT. While the ORR activity of 
CoxFey@G is much smaller than that of the catalyst having melamine (Figure 4.15b). 
4.3.4. Characterization  
The FE-SEM analysis was performed with a Hitachi High- Technologies S-4800 microscope. 
TEM, HR-TEM, and HAADF–STEM– EDS images were taken on JEM-2100F with an acceleration 
voltage of 200 kV. XPS data were measured on K-alpha (Thermo Fisher, UK) instrument. X-ray 
absorption fine spectroscopy measurements were carried out on ionization detectors (Oxford) at the 
Pohang Accelerator Laboratory (PAL). The BET surface area, pore-volume, and pore size distribution 
with N2 adsorption/desorption isotherms were measured at 77 K using the BELSORP-miniII (BEL 
Japan, Inc.) system. For BET, the catalysts were degassed at 180 °C under vacuum for an overnight 
before measurements. Raman data were collected on a Confocal Raman alpha 300R system. High-
power X-ray diffraction (HP-XRD) data were acquired on a Rigaku X-ray 
diffractometer/D/MAX2500V/PC equipped with a Cu Kα radiation (35 kV, 200 mA) system. The 
atomic and weight percent of elements in each catalyst were obtained from the Elemental analyzer 
(Truspec Micro, Leco) and inductively coupled plasma optical emission spectrometry (ICP-OES-700-
ES, Varian).   
4.3.5. Electrochemical Measurements  
All electrochemical measurements were performed in 0.1M KOH and HClO4 solutions using a three-
electrode electrochemical workstation system (CHI 760E, CH Instruments, Inc.). The working 
electrodes in this study were the rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE, 
PINE AFE7R9GCPT, Pine Instruments, Inc.) having a diameter of 5.61 (glassy carbon disk area = 0.247 
cm2) and 6.25 mm, respectively. SCE and graphite rods were used as a reference electrode and a counter 
electrode, respectively. To prepare the working electrode, 10 mg of powders of each catalyst was 
homogeneously dispersed in 1140 μL of water/ethanol (2:1 v/v) with 60 μL of Nafion solution (5 wt 
%) via sonication for 1 h. Then, for the ORR measurements in basic solutions, 6.00 μL of homogeneous 
ink was carefully loaded onto glassy carbon disk of an RRDE to achieve a 0.202 mg cm−2 loading 
amount of the catalyst. For acidic ORR measurements, the loading amount of Pt/C and this designed 
catalyst were 0.08 and 0.32 mg cm−2, respectively. Before each ORR measurement, the electrolyte was 
bubbled with O2 for 30 min and maintained over the electrolyte surface during the ORR testing to 
sustain the O2 saturation. All the working electrodes were first activated by cycling the potential in the 
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range of 0.00–1.2 V versus RHE at a scan rate of 50 mV s−1 for at least 20 cycles. Linear sweep 
voltammetry data were recorded at a rotation speed of 1600 rpm at a scan rate of 10 mV s−1 in the disk 
potential range of 1.1–0.4 V versus RHE. The RRDE measurement was performed at a constant ring 
potential of 1.3 V versus RHE.  
All the obtained potential data versus SCE in this study were converted to potential versus RHE 
using the equation of 4.1: 
                           ሺvs. RHEሻ ൌ Eሺvs. SCEሻ ൅ Eୗେ୉଴ ൅ 0.0591pH      (4.1) 
The number of electrons transferred and hydrogen peroxide production were evaluated from RRDE 
measurement using the following the equations of 4.2-4.5. 
                 The number of electron transfer (n) during ORR testing 
																																																												n ൌ 4 ൈ ୍ౚ୍ౚା୍౨ ୒⁄           (4.2)     
where Id and Ir are disk and ring current densities, respectively, N is the current collection efficiency 
of the Pt ring which is 0.37. 
 The percentage of peroxide (% HO2−) during the ORR process were calculated using the equations 
of 4.3-4.5:  
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where J is the measured current density, Jl and Jk are the limiting and kinetic current densities, B 
is the slope of K-L plots, ω is the rotation rate of the disk electrode, n is the electrons transferred number 
in ORR, F is the Faraday constant (96485 C mol−1), A is the geometric area of electrode (A=0.247 cm2), 
C0 is the concentration of O2 which is 1.2 × 10−6 mol cm−3 in 0.1M KOH, D0 is the O2 diffusion 
coefficient (1.9 × 10−5 cm2 s−1), V is the kinematic viscosity of the solution (0.01 cm2 s−1), and k is the 
electron transfer rate constant.   
To identify the ORR mechanism and calculate the kinetic parameters, the RRDE test was 
performed at different rotation rates (ω) at a constant ring potential of 1.3 V versus RHE and used the 
following equations 4.6-4.7. 
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where D is the diffusion coefficient in 0.1M KOH solution, V is the kinetic viscosity, and k3 and 
k4 are the rate constants in the forward and backward directions, respectively. The linear relationship 
between IdN/Ir and ω−0.5 was observed with an intercept value of “A.” The ratio of k1/k2 was obtained 
using the relation of equation 4.8. 
                                                                         A ൌ 1 ൅ 2 ୩భ୩మ        (4.8) 
4.3.6. Estimation of Electrochemical double-layer capacitance, active surface   area and roughness 
factor  
The electrochemical active sites (ECS) of each catalyst were investigated from the double-layer 
capacitance (Cdl).22 First, for Cdl the potential was cycled in the non-Faradic region (1.06 to 1.14 V vs 
RHE, because no electrochemical features of faradic current were observed in this region) at different 
applied scan rate of 5, 10, 20, 50, 100, 200 and 300 mV s-1 (Figure 4.13a-j). The current (mA) of each 
catalyst from CV plot of figure 4.13a-j at potential of 1.105 V vs RHE was plotted vs scan rate, which 
resulted into a straight line, and the slope of the straight line was assigned to Cdl (Figure 4.14a-j).23 The 
Cdl of catalyst 7@NGT (1.16 mF) is much better compared to commercial Pt/C (0.79 mF) and other 
designed catalysts (Figure 4.14a-j and Table 4.3). 
The ECS of the selected catalysts was obtained by dividing the Cdl with specific capacitance 
(ESCA=Cdl/CS, the CS value in 0.1M KOH lies between 0.025 and 0.035 mF, and we used average 
value of 0.03 mF).23 Finally, the roughness factor (RF) was calculated by dividing the obtained EAS by 
geometrical area of electrode (in Cdl experiments the area of electrode is 0.196 cm2).22-23 
4.3.7. Fuel Cell Test 
 The Co1.08Fe3.34@NGT catalyst was used as a fuel cell cathode, and its performance in the real 
system was assessed by membrane electrode assembly (MEA) analysis in the AAEMFC. For the 
preparation of the cathode, the Co1.08Fe3.34@NGT catalyst and commercial ionomer (50 wt%) were well 
dispersed in isopropyl alcohol (IPA) via sonication. Subsequently, the homogeneous ink of 
Co1.08Fe3.34@NGT (3 mg cm−2) as a cathode and Pt/C (0.4 mg cm−2) as an anode were loaded on the 
active area of the gas diffusion layer (GDL). The MEA was fabricated by sandwiching the potassium 
hydroxide doped Tokuyama or Fumatech membrane between cathode and anode. Finally, the MEA was 
conducted in a single cell mode, which comprises serpentine flow field channels in the graphite plates. 
The steady-state polarization experiment (cell voltage and power) of the assembled MEA was measured 
at 60 °C by keeping a humidified flow (100% relative humidity) of hydrogen and oxygen at the flow 
rates of 200 cc min−1. 
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Table 4.1. Experimental weight ratio of FeCl3 and Co (ClO4)2.6H2O with 2.2 g of melamine in the 
synthesized catalysts. In catalyst 11@G, graphene oxide (150 mg) was used instead of melamine. 
Copyright 2018 John Wiley and Sons. 
Catalysts FeCl3 (g) Co(ClO4)2.6H2O (g) 
1@NGT 0.45 0.45 
2@NGT 0.50 0.25 
3@NGT 0.25 0.50 
4@NGT 0.60 0.30 
5@NGT 0.70 0.35 
6@NGT 0.80 0.40 
7@NGT 0.70 0.45 
8@NGT 0.70 0.55 
9@NGT 0.70 0.00 
10@NGT 0.00 0.70 
11@G 0.70 0.45 
 
Table 4.2.The atomic (at.)/weight (wt.) percentage of each element obtained from Elemental analyzer 
and inductively coupled plasma optical emission spectrometry (ICP-OES). Copyright 2018 John Wiley 
and Sons. 
Catalysts C (at./wt.%) N (at./wt.%) O (at./wt.%) Fe (at./wt.%) Co (at./wt.%) 
1@NGT 91.92/82.2 2.68/2.8 2.60/3.1 1.61/6.7 1.19/5.2 
2@NGT 93.33/85.6 2.80/3.0 1.72/2.1 1.64/7.0 0.51/2.3 
3@NGT 91.85/84.49 3.08/3.3 3.19/3.91 0.68/2.9 1.20/5.4 
4@NGT 92.04/82.4 3.35/3.5 1.76/2.1 2.19/9.1 0.66/2.9 
5@NGT 89.52/77.4 4.07/4.1 2.60/3.0 2.96/11.9 0.85/3.6 
6@NGT 88.34/73.8 3.80/3.7 2.97/3.3 3.89/15.1 1.00/4.1 
7@NGT 89.84/76.3 3.53/3.5 2.21/2.5 3.34/13.2 1.08/4.5 
8@NGT 87.29/72.2 4.67/4.5 2.90/3.2 3.64/14.0 1.50/6.1 
 
4.4. Results and Discussion 
4.4.1. Catalyst synthesis    
7@NGT is obtained by a one-step carbonization process. In a typical synthetic process, the fine 
homogeneous mixture of melamine (2.2 g), Co(ClO4)2·6H2O (0.45 g), and FeCl3 (0.7 g) is annealed at 
750 °C under Ar environment, and then the obtained product is treated with acid and deionized water 
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to leach away unreacted species (Figure 4.1a and experimental section). To tune the atomic ratio in 
CoxFey@NGT, the catalysts with different ratios of Co:Fe are synthesized with the same procedure used 
in 7@NGT (Table 4.1).  
4.4.2. Scanning and transmission electron microscopy analysis 
7@NGT: The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
images show that 7@NGT consists of bamboo-like nitrogen-rich graphitic tube (NGT) with an 
encapsulated alloy of CoFe nanoparticles (Figure 4.1b, c). The NGT shows the outer diameter of ≈60 
nm originating from the polymerized carbon nitride after melamine polymerization in the presence of 
iron and cobalt salts at 750 °C (Figure 4.1c). The high-resolution TEM (HR-TEM) images reveal that 
the CoFe nanoparticles are further wrapped with outer thin layers (1-4 layers) (Figure 4.1d, e and h). 
The HR-TEM image in Figure 4.1e demonstrates that the lattice fringe of this outer layer around the 
nanoparticles is 0.34 nm, corresponding to the graphitic carbon,24 whereas the lattice fringe of wrapped 
nanoparticles is 0.202 nm, corresponding to the (110) plane of the Co3Fe7 alloy. The X-ray diffraction 
(XRD) analysis of 7@NGT (Figure 4.9a) further explicates that the main dominant phase of the 
nanoparticles is Co3Fe7 with diffraction peaks at 44.73°, 65.10°, and 82.18°, which are attributed to the 
(110), (200), and (211) facets of Co3Fe7 alloy (JCPDS 00-048-1816). The wide and weak diffraction 
peak at 26.30° with an interlayer spacing of 0.34 nm is ascribed to the (002) plane of crystalline graphitic 
carbon (JCPDS 01-075-1621). The TEM–energy-dispersive X-ray (TEM-EDX) shows that the NGT is 
composed of C and N and encapsulates nanoparticles of Co and Fe alloy (Figures 4.1g and 4.2). The 
line profiles for a single particle in high-angle annular dark-field scanning TEM (HAADF–STEM) 
image (Figure 4.1f) show the stronger signal for Fe than Co with the indication of more Fe atoms, which 
is consistent with the experimental ratio. 
5@NGT and 8@NGT: The SEM and TEM images of the catalyst 5@NGT and 8@NGT shows 
bamboo-like graphite tubes with encapsulated alloy of CoFe nanoparticles (Figure 4.3a, b and 4.4a, b). 
The HR-TEM images show that the CoFe nanoparticle in both 5@NGT and 8@NGT are wrapped with 
outer graphene layers (Figure 4.3c and 4.4c). The HRTEM image of individual CoFe nanoparticle in 
5@NGT show the lattice fringe of ~0.202 nm, corresponding to the (110) planes of the Co3Fe7 alloy 
(JCPDS 00-048-1816) (Figure 4.3d). While in 8@NGT the lattice fringe of the CoFe nanoparticle is 
~0.204 nm corresponding to the (110) planes of the CoFe alloy (JCPDS 00-044-1433) (Figure 4.4d). 
The element distribution is disclosed by TEM-EDX, showing that the NGT is composed of C and N 
with nanoparticles of Co and Fe alloy (Figure 4.3f and 4.4f). According to line scans, the encapsulated 
nanoparticle is the alloy of Fe and Co atoms, in which the concentration of Fe atoms is higher than Co, 
and the concentration of Co increases with the increase in the Co weight ratio of the catalyst (Figure 
4.3e and 4.4e). The main dominant phase of CoFe nanoparticles in 5@NGT and 8@NGT is further 
explicates by X-ray diffraction analysis (Figure 4.9a). The first peak in all catalysts at 2θ = 26.30° with 
an interlayer spacing of ~0.34 nm is assigned to crystalline graphitic layers.25-26 According to XRD 
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results, the Fe and Co atoms in the synthesized catalyst are present in FeCo alloys form (without any 
metal oxide), which suggest that all nanoparticles are encapsulated in the metallic state inside the NGT. 
Furthermore, the XRD signals for catalyst 5-NGT and 8@NGT are matched with the Co3Fe7 alloy 
(JCPDS 00-048-1816), and CoFe alloy (JCPDS 00-044-1433), respectively, which are well consistent 
with HR-TEM lattice spacing. 
 
Figure 4.1. Synthetic procedure and physical characterization of 7@NGT. (a) Schematic illustration 
for the synthesis procedure (Co1.08Fe3.34@NGT) (C: yellow, Fe: red, Co: silver, N: blue). (b) SEM 
image. (c) TEM image of NGT with encapsulated FeCo alloy. (d) HR-TEM of FeCo alloy inside NGT. 
(e) HR-TEM image showing the presence of Co3Fe7 alloy. (f) HAADF–STEM image and the cross-
sectional compositional profiles. (g) HAADF–STEM images with elemental mapping of C, N, Co, and 
Fe. (h) HR-TEM images for the number of outer layers and defect in graphite of 7@NGT.                   
(Scale bare = 2 nm). Copyright 2018 John Wiley and Sons.  
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Figure 4.2. TEM-EDX image. Percentage composition of Fe and Co at different point of FeCo alloy 
in 7@NGT obtained from TEM-EDX. Copyright 2018 John Wiley and Sons.  
 
 
Figure 4.3. SEM, TEM, HR- TEM images, EDX line scan, HAADF- STEM and TEM-EDX analysis 
of 5@NGT. (a) SEM image. (b) TEM image. (c) HR-TEM of FeCo alloy inside NGT, which is further 
wrapped in 2 nm thick graphitic layers. (d) HR-TEM image showing the presence of Co3Fe7 alloy.         
(e) HAADF–STEM image and the cross-sectional compositional profiles of the Fe and Co.                          
(f) HAADF–STEM images with elemental mapping of C, N, Co and Fe in 5@NGT.                          
The scale bar is 20 nm. Copyright 2018 John Wiley and Sons.  
10 nm
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Figure 4.4. SEM, TEM, HR- TEM images, EDX line scan, HAADF- STEM and TEM-EDX analysis 
of 8@NGT. (a) SEM image. (b) TEM image. (c) HR-TEM of FeCo alloy inside NGT. which is further 
wrapped in 3.4 nm thick graphitic layers. (d) HR-TEM image showing the presence of CoFe alloy.        
(e) HAADF–STEM image and the cross-sectional compositional profiles of the Fe and Co.                        
(f) HAADF–STEM images with elemental mapping of C, N, Co and Fe in Catalyst 8@NGT.                  
The scale bar is 20 nm. Copyright 2018 John Wiley and Sons.                                                                                           
4.4.3. X-ray photoelectron spectroscopy and absorption fine structure analysis  
7@NGT: The valence state of each constituent element in 7@NGT is examined by X-ray photoelectron 
spectroscopy (XPS). The high resolution XPS spectra of C, N, Co, and Fe in 7@NGT are shown in 
figure 4.5. In the core-level XPS C 1s spectrum, the main sharp and strong peak located at 284.5 eV 
corresponds to the graphitic carbon, while the peak centered at 285.8 eV is assigned to C-N and C-N 
bonds originating from g-C3N4 (Figure 4.5a).27-28 The core-level XPS N 1s spectrum is deconvoluted 
into three peaks with binding energies of 398.3, 399.6, and 401.1eV, which is attributed to pyridinic-N, 
metal–N moiety, and graphitic-N, respectively (Figure 4.5b).29-30 The Co 2p spectrum exhibits two pairs 
of peaks (Figure 4.5c). The peaks with the binding energies of 779.1 and 793.9 eV are assigned to zero 
valence Co atom in CoFe alloy,31 while the peaks centered at 781.6 and 796.4 eV with shakeup satellites 
(785.2 and 802.7 eV) correspond to Co-N species.31 Similarly, the core-level XPS of Fe 2p shows 
metallic state peaks at binding energies of 707.4 and 720.1 eV and ionic state peaks at binding energies 
of 710.9 and 724.8 eV with shakeup satellite peaks at 714.4 and 732.5 eV, which are attributed to CoFe 
alloy nanoparticles and Fe-N, respectively (Figure 4.5d).32-33 The peaks position of C, N, Fe and Co in 
the XPS spectra of 5@NGT and 8@NGT are almost similar to that of 7@NGT (figures 4.6 and 4.7). 
The Fourier transform extended X-ray absorption fine structure (FT-EXAFS) analysis of cobalt in 
7@NGT (Figure 4.5e) exhibits the first peak at 1.65 Å, corresponding to Co-N bond distance and the 
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second peak at 2.31 Å assigned to the Co-Co bond distance, referring to Co foil.34-35 The next three 
peaks at 3.11, 3.59, and 4.48 Å are derived from multiple Co-Co-Co scattering. Similarly, FT-EXAFS 
spectra of iron in 7@NGT (Figure 4.5f) exhibit the first peak at 1.45 Å corresponding to Fe-N bond 
distance, and the second peak at 2.21 Å is assigned to Fe-Fe bond distance.29-30   
 
Figure 4.5. X-ray photoelectron spectroscopy (XPS) and X-ray absorption analysis of 7@NGT 
(Co1.08Fe3.34@NGT). The core level XPS spectra for constituent elements: (a) C 1s, (b) N 1s, (c) Co 2p, 
and (d) Fe 2p. (e, f) Fourier transform of the EXAFS spectra in R-space at Co K and Fe K-edges          
(AU = arbitrary units). Copyright 2018 John Wiley and Sons.  
 
Figure 4.6. The core-level XPS spectra for (a) C 1s. (b) N 1s. (c) Co 2p.  (d) Fe 2p of Catalyst 5@NGT.  
Copyright 2018 John Wiley and Sons.  
 
Figure 4.7. The core-level XPS spectra for (a) C 1s. (b) N 1s. (c) Co 2p. (d) Fe 2p of 8@NGT Copyright 
2018 John Wiley and Sons. 
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4.4.4. BET Surface Area Analysis  
The specific surface area and pore volume are examined via the Brunauer–Emmett–Teller (BET) 
technique (Figure 4.8a, b). 7@NGT exhibits a specific surface area of 235 m2 g−1 and displays type IV 
isotherm. In hysteresis loop of isotherm curve, the relative pressure (P/P0) ranges from 0.45 to 0.99, 
demonstrating the presence of mesoporous.36 The Barrett–Joyner–Halenda (BJH) pore size distribution 
curve further confirms the existence of mesoporous structure with a pore diameter centered at 4.8 nm 
(Figure 4.8b). This large specific surface area and mesoporous structure of the catalyst are very useful 
in the exposure of active catalytic sites and the diffusion of electrolyte during the catalytic reactions.  
 
 
Figure 4.8. BET surface area. (a) Nitrogen adsorption-desorption isotherms. (b) Barrett–Joyner–
Halenda (BJH) pore size distribution of the catalyst 7@NGT. Copyright 2018 John Wiley and Sons.  
4.4.5. Raman spectroscopy Fourier-transform infrared Analysis 
The Raman spectra show three peaks at 1353 (D-band), 1586 (G-band), and 2696 cm−1 (2D band) 
(Figure 4.9b). The D-band relates to sp3 disordered and defect sites, and G-band corresponds to 
hybridized to sp2 graphitic carbon layer, while the 2D band represents the existence of graphene-like 
sheets. Moreover, the number of defects and disordered sites in the carbon structure which correspond 
to active catalytic sites in ORR reaction can be estimated from the relative peak intensity ratio of D to 
G bands (ID/IG).36-37 The calculated ID/IG value of 7@NGT is larger (1.05) than the other synthesized 
catalysts (Figure 4.9b) demonstrating that 7@NGT has more defects in the graphitic shell, which is well 
consistent with HR-TEM images (Figure 4.1h). Fourier-transform infrared spectroscopy (FT-IR) 
analysis was used to find the functional groups in the synthesized catalysts (Figure 4.9c). The FT-IR 
spectra show one main peak at 1210 cm−1 assigned to the C–OH bonds and another main peak at 1566 
cm−1 attributed to C=C bonds which are associated with the skeletal vibration of the graphitic-like 
layers.38 FT-IR results demonstrate the presence of graphitic layers in all catalysts, which is consistent 
with HR-TEM images and XRD spectra.  
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Figure 4.9. XRD, Raman, and FTIR analysis at room temperature of 5@NGT, 7@NGT, and 8@NGT. 
(a) XRD. (b) Raman spectra. (c) FTIR spectra. (AU = arbitrary units). Copyright 2018 John Wiley and 
Sons.  
 
4.4.6. Electrochemical analysis  
The electrocatalytic activities for ORR of all as-synthesized catalysts are assessed by RDE in an 
oxygen-saturated 0.1M KOH solution and compared with a 20% commercial Johnson Matthey Pt/C 
catalyst. The linear sweep voltammetry (LSV) curve of 7@NGT exhibits more positive onset potential 
of 1.03 V (the potential at which the reaction of ORR starts) and half-wave potential of 0.94 V than 
other synthesized catalysts and Pt/C as shown in figures 4.10a and 4.11a-c. The limiting current density 
(≈7.4 mA cm−2; Figure 4.10a) outperforms that of Pt/C (≈5.8 mA cm−2; Figure 4.10a). Furthermore, the 
obtained ORR by LSV curve (Figurea 4.10 and 4.11) is far superior in all potential regions of kinetic 
range (>0.9 V), mixed range (0.9–0.8 V), and mass transfer range (<0.8 V) to commercial Pt/C and 
other synthesized catalysts, representing its superior ORR activity. For the electrochemical reaction, the 
catalyst having a high current density at a low overpotential should have a smaller Tafel slope value.30 
As shown in figure 4.10c, 7@NGT exhibits the Tafel slope of ≈44 mV dec−1, much smaller than that of 
commercial Pt/C (≈66 mV dec−1), representing it as a highly active catalyst for ORR. 
To understand the ORR mechanism in 7@NGT more quantitatively, we performed RRDE tests at 
a rotation speed of 1600 rpm in oxygen-saturated 0.1M KOH. Generally, the ORR can proceed via two-
electron pathways, where oxygen molecules are reduced to peroxide and subsequently to water, or via 
four-electron pathways in which oxygen molecules are reduced directly to water. The ORR process 
proceeded through two-electron pathways in fuel cells is detrimental, because the resulting peroxide 
leads to cell corrosion and eventually decreases the efficiency of the fuel cell. The number of electrons 
transferred in 7@NGT is ≈4.0, similar to that of commercial Pt/C (Figure 4.10d), suggesting that 
7@NGT catalyzes the ORR process in a four-electron pathway. Furthermore, figure 4.10d from RRDE 
measurement reveals that the evolution of peroxide (HO2−) during ORR process is strikingly suppressed. 
The percentage yield of HO2 − on 7@NGT is less than 2.4 and lower than that of Pt/C, demonstrating 
that 7@NGT is directly reducing oxygen molecule to water with high efficiency, which is very useful 
for fuel cell application. Suppression of the HO2− yield on 7@NGT is further confirmed from the plot 
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of k1/k2 ratio (Figure 4.12b) in which k1 corresponds to the direct reduction of O2 to water, while k2 
corresponds to O2 reduction through HO2−. The k1/k2 ratio is in the range of ≈44 (Figure 4.12b), which 
is the highest among the reported values, suggesting that in this study the direct reduction of O2 to H2O 
via four-electron pathway is more facile than two-electron pathway.39-40 
    
Figure 4.10. Electrochemical performance of 7@NGT compared with Pt/C. (a) Room-temperature 
RDE polarization curves in 0.1M oxygen-saturated KOH solution with a scan rate of 10 mV s−1 after 
subtraction of background measured in 0.1M nitrogen-saturated KOH solution. (b) RDE in 0.1M 
oxygen-saturated KOH solution with a scan rate of 10 mV s−1 at different rotation rates. (c) Tafel plots 
calculated from RDE polarization curves. (d) HO2− % yield for oxygen reduction reaction and the 
number of transfer electrons (n) measured by the RRDE method. (e) RDE polarization curves after 5000 
CV scans. (f) Chronoamperometric response of 7@NGT in oxygen-saturated 0.1M KOH solution. 
Copyright 2018 John Wiley and Sons.  
 
Figure 4.11. Oxygen reduction reaction (ORR) activities in 0.1M KOH solution. (a) Comparison of   
ORR activities of 1@NGT to 6@NGT, which showing the optimization of Co and Fe weight ratio and 
their total weight amount in CoxFey. (b) Comparison of ORR activity of Catalyst 5@NGT, 7@NGT 
and 8@NGT, which showing the optimization of Co at fixed weight ratio of Fe in CoxFey. (c) 
Comparison of ORR activities of 7@NGT and commercial Pt/C. “1=Co1.19Fe1.61, 2=Co0.51Fe1.64,             
3= Co1.20Fe0.68, 4=Co0.66Fe2.19, 5=Co0.85Fe2.96, 6=Co1.00Fe3.89 , 7 = Co1.08Fe3.34, and 8 =Co1.50Fe3.64.”  
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The ORR kinetics of 7@NGT is evaluated from RDE tests at different rotation speeds ranging from 
400 to 2025 rpm. The diffusion saturated current density increases with respect to the rotation rate, 
because at higher speed the diffusion distance of oxygen saturated solution is shortened (Figure 4.10b), 
which improves the mass transport efficiently. The Koutecky-Levich (K-L) plots obtained from RDE 
tests show good linearity and parallelism (Figure 4.12a), demonstrating the first-order reaction kinetics 
toward the dissolved oxygen concentration in the solution and the similar number of electrons 
transferred during the ORR reaction at different potentials. The number of electrons transferred is ≈4.08 
between the potential of 0.82 and 0.90 V (Figure 4.12a), which matches well with the RRDE result. 
This high activity of 7@NGT is ascribed to alloying effect. Alloying two transition metals induce 
favorable changes in intrinsic properties by altering the density of state (DOS) at the Fermi level of the 
metallic sites, which plays an essential role in determining their enhanced catalytic activity.41-43 
Moreover, graphitic layer efficiently confines the FeCo alloy nanoparticles in a limited space to avoid 
agglomeration.  
 
 
Figure 4.12. (a) K-L plots (J-1 versus w-1/2) at different potentials ratio of 7@NGT. (b) The k1/k2 ratio 
of 7@NGTcalculated from RRDE measurements at potential of 0.4-0.8V. Copyright 2018 John Wiley 
and Sons.  
   To further confirm the high activity of 7@NGT compared to commercial Pt/C and other 
synthesized catalysts, we calculate electrochemical active sites (EAS) and roughness factor (RF) from 
electrochemical double-layer capacitance (Cdl) 22-23 (Figures 4.13a-j, 4.14a-j, and Table 4.3). The EAS 
and RF valves of 7@NGT (38.67 cm−2 and 197.28) are much better than the commercial Pt/C (26.35 
cm−2 and 134.43) and other synthesized catalysts (Figure 4.14 a-j and Table 4.3), which strongly 
supports our experimental observations that tuning the atomic weight ratio of Fe to Co in FexCoy@NGT 
can dramatically alter the ORR activity of FexCoy@NGT catalysts. Furthermore, to find the active sites 
in 7@NGT, we examined the ORR activity of FeCo@G (G: graphene; in this catalyst we use graphene 
oxide as a supporting material instead of melamine), Co@NGT, Fe@NGT, and 7@NGT in 0.1M 
oxygen-saturated KOH with/without 10 × 10−3 m KCN (Figure 4.15a, b), because it is well known that 
CN− ions can poison metals and metal-N active sites of ORR.30, 44 The ORR activity in the absence of 
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CN− ions is in the order of  7@NGT > Fe@NGT > Co@NGT > FexCoy@G (Figure 4.15a, b). It can be 
seen in figure 4.15a, b that significant decreases in both E1/2 and current density of FexCoy@G, 
Co@NGT, Fe@NGT, and 7@NGT are observed in KOH solution having KCN, which suggests that 
the metals and metal-N active sites are blocked by CN− ions. The decreases in E1/2 of CoFe@G, 
Co@NGT, Fe@NGT, and 7@NGT are 191, 41, 73, and 77 mV, respectively, representing that CN− 
ions have a less poisoning effect on the Co center compared to Fe. These control experiments with CN− 
ions clearly demonstrate that Fe-N, Co-N, and FeCo are the active centers for ORR in 7@NGT. Since 
the number of graphitic layers enclosing metal alloys is only 1-4 (Figure 4.1h), the ORR activity is 
governed by core metal alloys in addition to the N-doped graphitic carbon skeleton. Given that the 
graphitic carbon skeleton effects are similar for all NGT systems; the inner metal alloys would play a 
significant role in the ORR activity. The ORR results of FexCoy@G, Co@NGT, Fe@ NGT, and 
7@NGT without CN− ions show that the active sites should be in the order of FexCoy-N-C > Fe-N-C > 
Co-N-C >FeCo alloy. As the FeCo alloy in FexCoy@G gives very small ORR activity (Figure 4.15b), 
the Co/Fe-N-C coordination in 7@NGT is likely to be ORR active sites and the FeCo alloy can 
dramatically enhance the activity of the neighboring Fe-N and Co-N coordination for ORR.30    
Long-term stability of the ORR catalyst is another important critical index in practical fuel cell 
applications. To evaluate the ORR stability of 7@NGT, the accelerated durability tests (ADTs) for 5000 
cyclic voltammetry (CV) cycles are performed in a potential range of 0.6–1.0 V versus reversible 
hydrogen electrode (RHE) in 0.1M oxygen-saturated KOH solution at a scan rate of 50 mVs−1. For 
comparison, the durability test of commercial Pt/C under similar conditions is also conducted. There is 
no obvious shift in the LSV curve before and after 5000 CV cycles for 7@NGT, while Pt/C shows ≈45 
mV degradation in its half-wave potential (Figure 4.10e). The long-time durability of 7@NGT is further 
examined by the chronoamperometric response at a potential of 0.87 V versus RHE in 0.1M oxygen-
saturated KOH solution, which shows constant current density for 20 h (Figure 4.10f). The high stability 
and durability of 7@NGT are due to in situ generation of core-shell from graphitic carbon. The graphitic 
layer protects FeCo alloy nanoparticles from corrosion of electrolyte, avoiding the process of the 
dissolution and re-deposition during electrochemical ORR testing. The morphological stability of this 
catalyst after durability test is analyzed by TEM, HR-TEM, and TEM-EDX, which shows similar hybrid 
morphologies to those before stability test (Figure 4.16). For industrial fuel cell application, the ORR 
catalysts will be highly robust toward methanol (MOH) fuel; therefore, it is crucial to check the MOH 
tolerance of ORR catalysts.44 Dramatic change in the current density of Pt/C is detected with the 
injection of 3M MOH in 0.1M O2-saturated KOH solutions, while no obvious change in the current 
density of 7@NGT is observed under similar experimental conditions (Figure 4.17). These 
experimental observations disclose that compared to commercial Pt/C, 7@NGT has better MOH 
tolerance and higher selectivity toward ORR.  
 
    
99 
 
 
Figure 4.13. Capacitive CV profile recorded in non-Faradaic region with scan rates of 5, 10. 20, 50, 
100, 20, 300 mVs-1 in 0.1M N2 saturated KOH solution of (a) 20 % commercial Pt/C. (b-j) 1@NGT-
10@NGT. Copyright 2018 John Wiley and Sons.  
 
Figure 4.14. Cathodic and anodic current (mA) vs scan rates (mVs-1) obtained from capacitive CV 
profile at potential of 1.105 V vs RHE of (a) 20 % commercial Pt/C. (b-j) 1@NGT-10@NGT.  
Copyright 2018 John Wiley and Sons. 
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Figure 4.15. ORR activities in 0.1M KOH solution with and without KCN of (a) 7@NGT. (b) 9@NGT, 
10@NGT, 11@G.Solid lines (ORR activities without KCN), dash lines (ORR activities with KCN). 
9@NGT=Fe@NGT, and 10@NGT=Co@NGT, 11@G (In the 11-G graphene oxide was used as a 
supporting material instead of melamine). Copyright 2018 John Wiley and Sons. 
 
Table 4.3. double-layer capacitance (Cdl), electrochemically active sites (EAS) and roughness factor 
(RF). Copyright 2018 John Wiley and Sons. 
Catalysts Cdl (mF) EAS (cm2) RF 
Pt/C 0.79 26.35 134.43 
1@NGT 0.72 24.00 122.44 
2@NGT 0.57 19.00 96.94 
3@NGT 0.47 15.60 79.93 
4@NGT 0.87 28.87 147.28 
5@NGT 0.96 32.06 163.57 
7@NGT 1.16 38.67 197.28 
8@NGT 1.03 34.33 175.17 
9@NGT 0.50 16.58 84.60 
10@NGT 0.39 12.98 66.24 
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Figure 4.16. TEM, HR-TEM images, EDX line scan, HAADF- STEM and TEM-EDX analysis of 
7@NGT after durability test: (a) TEM image representing that tube-like morphology of the 7@NGT 
catalyst is retained after long term durability test. (b)HR-TEM of FeCo alloy inside NGT, which is still 
wrapped in outer graphite layers (c) HAADF–STEM image with elemental mapping (d) HAADF–
STEM image and the cross-sectional compositional profiles of Fe and Co. Copyright 2018 John Wiley 
and Sons.  
 
Figure 4.17. Chronoamperometric responses of 7@NGT and Pt/C at 0.84 V in 0.1M O2-saturated KOH 
solution before and after 3 M methanol (4 mL of 3 M methanol). Methanol was injected in both 7@NGT 
and Pt/C at 400 s. Copyright 2018 John Wiley and Sons.  
To evaluate the authenticity of 7@NGT in an acidic environment, the ORR activity and stability 
are conducted in 0.1M O2-saturated HClO4 solution. In acidic solution it displays a current density of 3 
mA cm−2 at a similar potential to that of Pt/C catalyst (Figure 4.18a). Moreover, in the same selected 
potential region it shows similar Tafel slope (39.9 mV dec−1) to that of commercial Pt/C (Figure 4.18b). 
Interestingly, during 10 h durability tests, 7@NGT exhibited superior stability (no obvious change in 
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current density) in acidic solution compared to Pt/C (more than 60% decline in the current density) 
(Figure 4.18c). It also shows high tolerance against MOH in 0.1M O2-saturated HClO4 solution 
compared to Pt/C catalyst (Figure 4.18d). The impressive stability, high tolerance against MOH, and 
similar Tafel slope of 7@NGT to Pt/C in 0.1M O2-saturated HClO4 validate that its ORR activity is 
superb not only in basic solution but also in acidic solution. 
Overall, the electrochemical activity and stability depend on multiple factors.36, 45-48 First, Fe-N, 
Co-N, and sufficient metallic FeCo alloys are inherently better in interacting with reactants (i.e., 
oxygen/water) than carbon atoms due to the presence of lone-pair electrons, thereby increasing the 
reactivity of reactants with the hybrid catalyst. Second, the graphitic structure around FeCo alloy with 
a high degree of carbon graphitization is intrinsically more stable toward oxidation and can well protect 
the active sites and maintain catalyst activity. The ORR occurring on more active Fe and Co provides 
an alternate pathway for donating electrons, which enhances the ORR activity and also protects the 
carbon structure. Third, due to the relatively higher electronegativity of N than that of C, the N dopants 
in 7@NGT render higher positive charge density on their adjacent carbon atoms, by virtue of which 
these carbon atoms could become active sites.45   Finally, the presence of CoFe alloy inside NGT results 
in decreased local work function on the graphitic surface due to easy electron transfer from core metal 
alloy to the NGT.45  
 
Figure 4.18. ORR activities in 0.1M-oxygen saturated-HClO4 solution. (a) RDE polarization curves 
with a scan rate of 10 mV/s. (b) Tafel plots of 7@NGT and Pt/C (c) Chronoamperometric response of 
7@GT and Pt/C at potential of 0.76 V. (d) Chronoamperometric responses of 7@NGT and Pt/C at 
potential of 0.76 V before and after 3M methanol (4 mL of 3M methanol). Methanol was injected in 
both 7@NGT and Pt/C at 200 s. Copyright 2018 John Wiley and Sons. 
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Lastly, for industrial application, the AAEMFC efficiency is evaluated using 7@NGT as an ORR 
catalyst and Tokuyama or Fumatech membrane as an anion exchange electrolyte. The single cell of 
7@NGT shows an open-circuit voltage (OCV) of ≈0.95 V with the maximum power of 117 mW cm−2 
and a current density of 300 mA cm−2 with Tokuyama membrane and a maximum power of 63 mW 
cm−2 and a current density of 188 mA cm−2 with Fumatech membrane (Figure 4.19) which are better 
than that of 40% commercial Pt/C having 0.8 mg cm−2 (a maximum power of 60 mW cm−2 and current 
densities of 120 mA cm−2 with Fumatech membrane).8, 23 Additionally, we observe a large voltage drop 
near 0.95 V due to low conductivity across the membrane. We also note that AAEMFC performance is 
largely dependent on the kind of anion exchange membrane (Figure 4.19). Therefore, during the 
fabrication of fuel cell, selection of anion exchange membrane is one of the parameters due to its poor 
diffusion coefficient of OH− ions. Thus, further development of an anion exchange membrane with fast 
OH− ion transport remains an important issue in obtaining the maximum power and current densities of 
alkaline anion exchange membrane fuel cells. 
 
 
Figure 4.19. Cell voltage and power density versus current of the 7@NGT catalyst as a cathode for 
AAEMFC using two different membranes. Fuel cell working conditions: temperature (60 °C), fully 
humidified H2 and O2 flow rates (200 cc min−1). To study the effect of membrane, two different 
membranes of Tokuyama with AS-4 ionomer and Fumatech with FAA ionomer is used for the 
AAEMFC test. Copyright 2018 John Wiley and Sons.  
4.5. Conclusion  
In summary, we have synthesized highly active and stable ORR electrocatalysts composed of 
melamine-derived NGT encapsulating Co1.08Fe3.34 alloy with metal-nitrogen bonds in the inside wall of 
NGT, which exhibits more positive onset potential, half-wave potential, and small Tafel slope than 
those of commercial Pt/C in basic solution. The four-electron transfer, less HO2− percentage (≈2.4), and 
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high k1/k2 ratio (44) during the ORR process indicated that this catalyst directly reduces oxygen 
molecule to water with high efficiency. Moreover, in acidic solution this catalyst also shows compatible 
performance to that of Pt/C and extraordinary stability and methanol tolerance. The remarkable ORR 
activity of this catalyst could be ascribed to the nitrided Co1.08Fe3.34 alloy which favors faster electron 
movement and higher adsorption of oxygen molecule on the catalyst during catalytic reactions. 
Meanwhile, our study shows that tuning the Fe/Co nanoparticles in NGT significantly triggered the 
electrocatalytic active sites in the catalyst, which further enhance the ORR activity. The power density 
of AAEMFC with this catalyst is 117 mW cm−2. The development of this nonprecious metal-based 
ORR catalyst not only leads to a significant reduction in fabrication cost of fuel cell but also improves 
their efficiency. 
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